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PHYSICAL IMITATIONS OF THE ACTIVITIES OF 

AMCEBA. 

H. S. JENNINGS. 

Physical imitations of the activities of lower organisms, such 
as are given us by Biitschli and Rhumbler, have always taken 
a place among the " startling achievements " of science. They 
arouse a lively interest in the popular mind as well as in the 
minds of men who are seriously studying the problems which 
such activities present. Anything which promises a bridge 
from the inorganic to the organic, from the physical to the vital, 
demands attention. Almost all men have definite convictions 
as to the relation of these two fields, — convictions which are 
foundational for the whole superstructure of intellectual or 
religious life ; anything which touches these convictions must 
awaken interest.* 

How far have the physical imitations of vital activities gone ? 
What do they really show as to relation of physical and vital ? 
In the present paper such physical imitations as relate to one 
of the lowest organisms, Amoeba, will be examined with these 
questions in view. The greater number of the physical experi- 
ments relate directly to Amceba, attempting to imitate its 
behavior. The writer has recently made a thorough re-examina- 
tion of the behavior of this animal, the results of which have 
been published elsewhere (Jennings, :04), so that opportunity 
is presented for a comparison between the imitations and the 
reality. By determining to what extent the physical imitations 
throw light on the behavior of Amoeba, we shall perhaps have 
a fair measure of what has been accomplished in this way, and 
of the promise for the future. 

What is the real purpose of the physical imitations of vital 

activities ? Clearly, the final purpose is to show what physical 

factors are at work in these activities. But this end may be 

followed in many ways ; what is the special purpose of the 

imitations ? 

625 



626 THE AMERICAN NATURALIST, [Vol. XXXVI I L 

In the best cases the physical imitations arise as follows : 
There is first a study of certain vital activities. This is fol- 
lowed by construction of a hypothesis as to the nature of the 
factors at work, — an explanation of the activities in terms of 
phenomena already known. The third step is to determine by 
experiment whether the supposed known factors can produce 
such activities ; these factors are combined in appropriate ways 
and the results observed. If they bring about activities similar 
to those shown in the vital phenomena, then the explanation 
gains much in probability, and we have an "imitation" of the 
vital activities. What the imitation shows is then, as Rhumbler 
('98, p. 108) has well said, that the factors assumed to be at 
work really can produce such activities as we attribute to them, 
— and this is a long step in advance. There still remains the 
question whether the factors in our imitation actually are those 
at work in the vital phenomena. 

• To enable us to judge intelligently on this final question we 
need an accurate knowledge of the phenomena to be explained 
and of the forces at work in the imitation, that they may be 
closely compared; imitations founded on external resemblance 
are likely to be misleading. . We have indeed three factors to be 
compared, — the explanation as it exists in the mind of the 
investigator, the physical experiment, and the vital activity. In 
the best cases these three must agree ; the explanation fits the 
experiment, and the experiment is essentially similar to the vital 
phenomenon, so that the explanation fits the latter also. But the 
explanation given may fit the physical experiment and not the 
vital activity," or it may not even fit the experiment ;. we shall 
find examples of both these cases. 

In the commoner case, where the exJ)lanation given does fit 
the physical experiment, how are we to judge whether the vital 
activity is to be similarly explained ? Evidently an explanation 
based on an imitation can at best fit the vital activity only in sa 
far as the latter agrees with the imitation. Points in which it 
does not agree must be attributed to other factors, and if these 
points are essential ones for the explanation given, then we must 
conclude that the vital activity is not explicable in the way pro- 
posed. Further, we must determine whether certain conditions,. 
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preceding or following, which the explanation requires are actu- 
ally fulfilled in the vital phenomena. 

Imitations of the movements and of the variations in form 
have been oftenest attempted. Almost without exception the 
imitations are based on the hypothesis that these phenomena in 
Amoeba are due to local changes in the surface tension of a fluid 
mass. Among the earliest experiments of this sort were those 
of Gad (*78). Gad placed drops of rancid oils (oils containing 
fatty acids) in weak solutions of alkali ; for example, cod liver oil 
in 0.2 to 0.5 ^ sodiunl carbonate. As a result of the reaction 
between the fatty acid and the alkali soap is produced. This 
lowers the surface tension of the drop of oil here and there ; as 
a result the drop changes form, sending out projections having 
an external resemblance to the pseudopodia of Amoeba. A 
number of figures showing the forms taken by oil drops under 
these conditions are given in Verworfis General Physiology. 
Gad pointed out the resemblance of these forms to those shown 
by Amceba, but did not carry the matter farther. 

Quincke ('79, '88) pursued further the study of move- 
ments caused in the manner just described, and put forth dis- 
tinctly the view that the movements of Amoeba (as well as of 
other protoplasmic masses) are due to similar causes. Quincke 
found that egg albumen might take the place of the sodium 
carbonate in the experiments above described ; soap is then 
formed and movements occur as when the alkali is used. He 
held that Amoeba is covered externally by a thin lamella of oil ; 
that albuminous soaps are formed on the inner surface of this, 
thus decreasing the surface tension, and that the movements 
and changes of form are due to these changes in surface tension. 

Most celebrated of all imitations of amoeboid movements are 
those of Biitschli ('90, '92). Biitschli mixed slightly damp, 
powdered potassium carbonate with old olive oil, of a certain 
degree of rancidity, and brought drops of the mixture into water 
on a slide. (Directions in Biitschli, '90.) After standing 
twenty-four hours the drops are washed and new water or glyc- 
erine supplied. The drops now show streaming movements, 
send forth projections (see Fig. i, b)^ and move about. The 
external resemblance to the phenomena shown in Amoeba is 
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very striking. The movements are caused as follows : The 
potassium carbonate is dissolved by the water and acts on the 
oil, forming soap. Thus after a time the oil drop is permeated 
throughout by minute globules of soapy water, forming a foam- 
like emulsion. At times one of these globules of soap bursts 
on the outside of the drop of oil ; the soap then spreads over 
the surface of the oil, lowering its surface tension in the region 
affected. At once a projection is formed here, currents flow 
from within the drop toward the region of lowered tension, and 
the entire drop may move in that direction. 

Butschli held that the movements of Amoeba take place in a 
similar manner. He considers that protoplasm has an emulsion 
structure similar in a general way to that of the oil drops, — 
though of course the constituents are not the same. At times 
the meshwork enclosing the globules breaks at the outer surface 
of the Amoeba, allowing some of the enclosed fluid to spread 
over the surface. This lowers the surface tension, causing 
Amoeba to move in the same manner as the drop of oil. 

Biitschli is inclined to attach much significance to the fact 
that the oil drops which move in the way described have a foam- 
like emulsion structure, and to consider this as a support to his 
view that the similarly moving protoplasm is similarly consti- 
tuted. But such movements are by no means specially charac- 
teristic of fluids having a foam-like or emulsion structure ; many 
drops having this structure do not show the movements, while 
other drops which have not this structure show the movements 
equally well, as we shall see. The movements require only that 
there shall be some method of producing local changes in sur- 
face tension ; this may be easily brought about without the 
emulsion structure. 

Bernstein (:oo) produced similar movements in drops of 
mercury. Sufficient mercury to make a drop or disk five to ten 
millimetres in diameter is placed in a flat-bottomed watch-glass. 
Over it is poured some 20 Jfc nitric acid, and thereto is added a 
quantity of a strong solution of potassium bichromate. The 
mixture acts chemically on the mercury, lowering its surface 
tension. The intensity of the action varies locally, so that the 
surface tension is decreased now here, now there. As a result 
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the mercury moves and changes form in a striking manner, 
sending out projections or becoming wholly irregular, at the 
same time moving from place to place.^ 

The present author (:02) has given another method of 
observ'ing such movements. A mixture of three parts glycerine 
and one part 95 ^ alcohol is placed on a slide and covered with 
a large cover-glass, supported near its ends by glass rods. Be- 
neath the cover-glass a drop of clove oil is introduced by means 
of a medicine dropper drawn to a fine point. The alcohol acts 
locally on the surface of the clove oil, decreasing its surface ten- 
sion here and there. As a result the clove oil drop changes 
form, sends out projections and moves from place in a strik- 
ing manner. The phenomena shown are similar to those in 
Biitschli's drops of oil emulsion. The experiments are much 
easier to perform than those of Blitschli; by varj'ing slightly 
the amount of alcohol in the mixture one can always be certain 
of getting marked results. But the movements do not continue 
so long as in Biitschli's experiments. 

In all these experiments the movements are due to local 
changes in surface tension. When such a local change is pro- 
duced on the surface of a fluid drop a characteristic set of cur- 
rents results. From the region of least tension surface cur- 



*The attempts of Herrera to imitate protoplasmic movements read almost 
like a travesty of those of the authors above mentioned. Herrera made a 
"synthetic protoplasm" by mixing together certain chemicals which analysis 
showed to exist in the protoplasm of one of the myxomycetes. This mixture 
contained "pepsine, .... peptone, acetic fibrine, oleic acid, soap, sugar, extract 
of bile, a considerable quantity of carbonate of soda, carbonates of calcium and 
ammonium, lactate of calcium, phosphates of calcium and magnesium, sulphates 
of calcium and iron, chloride of sodium, soap" (Herrera, '98, p. 118). When 
this miscellaneous conglomeration of chemicals was wet with water it showed, as 
one may well conceive, many diffusion currents. Herrera considers these as a 
"faithful reproduction of the internal novements of protoplasm described by 
Van Tieghem." In a later contribution Herrera ('98a) gives an imitation of 
amoeboid motion based on the theory that Amoeba is moved by the bubbles of 
carbon dioxide which it gives off in its respiration. Mix bicarbonate of soda with 
printer*s ink so that a product is obtained having a sirupy consistency. Place on 
a surface wet with a weak solution of tartaric acid. Bubbles of carbon dioxide 
are produced, of course causing the mass to change form and move; the illu- 
sion of a living being is complete." It is only just to say that Herrera later 
gave up the idea that the movements of Amoeba are caused in this manner. 
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rents pass in all directions, while an interior current passes 
toward the region of least tension. The reason for these cur- 
rents may be seen by imagining that the drop is covered with a 
stretched India rubber membrane in place of the surface film. 
If this stretched membrane is weakened or cut at a certain 
point the remainder of the membrane will pull away from this 
point, simulating the surface current. At the same time fluid 
from within will be pressed out at the weakened point, — thus 
simulating the central current toward the point of least tension. 




Fig. I a. Fig. i b. 

Fig. I.— Currents produced by local decrease of surface tension, after Butschli. a, Currents 
in an oil drop when the surface tension is decreased at one end by contact with a soap 
solution (s)\ surface currrents away from the point of lowered tension; a central current 
toward this point, by One of the drops of oil emulsion, showing the irregular form and 
the characteristic currents at the tip of each projection. 

The characteristic currents may be seen in Biitschli's experi- 
ments or in those with the drops of clove oil, if some soot or 
India ink has been mixed with the oil. Such currents are repre- 
sented in Fig. I, taken from Butschli. If the axial current 
carries forward more fluid than the superficial currents carry 
backward, the drop may elongate in the direction of the axial 
current and move as a whole in the same direction. This often 
occurs. 

Such currents as are shown in Figure i are an invariable 
feature of movements of fluids due to local decrease in surface 
tension. Indeed, these currents are the characteristic phenom- 
ena ; they may be the only movements that occur. 
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If, then, the movements of Amoeba are really produced as 
they are in the imitations, by means of local changes in surface 
tension, we must expect to find in Amoeba these characteristic 
currents. In an Amoeba moving in a certain direction there 
should be a central current forward and superficial currents 
backward. In an extending pseudopodium the central current 
should be toward the point, the superficial currents away from 
it. Do such currents exist } 

There is evidently a central current forward. But are the 
superficial currents backward, as the theory requires? In 
studying the movements from 
above, without the aid of experi- 
ment, it is difficult to determine 
this point. But there are certain 
appearances on the lower surface 
and at the lateral margins which 
give the impression that such back- 
ward currents may exist. In fact 
Biitschli, Rhumbler and others be- 
came convinced of the existence 
of such currents. The movements 
of Amoeba were thus brought into 
full agreement with those of the 
drops moving as a result of local 
decrease in surface tension. This 
is brought out clearly by an exam- 
ination of the figures of the cur- 
rents in Amoeba given by Biitschli 
and Rhumbler, copied in Figure 2. 
It was then almost inevitable to 
conclude that the same causes are at work in the two cases ; 
that the movements of Amoeba are due to local changes in sur- 
face tension. 

In the extended experimental study of the activities of 
Amoeba recently made by the present writer (:04), it was 
shown that the supposed backward currents of the surface do 
not exist. On the contrary, all parts of the surface which are 
not attached to the substratum are typically moving forward, in 




Fig. 2. — Diagram of currents in a mov- 
ing Amoeba, according to Biitschli and 
Rhumbler. a, Diagram of the currents 
as seen from above, after Rhumbler; 
b^ diagram of the currents in side view, 
after Rhumbler ; c, diagram of the cur- 
rents in an advancing pseudopodium, 
after Biitschli. 
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the same direction as the central current, while the attached 
parts of the surface are at rest. The movement of Amoeba is 
thus of a rolling character ; the upper surface continually passes 
around the anterior end to form the lower surface; this then 
remains quiet until it is taken up by the posterior end as the lat- 
ter moves forward. The movements in an advancing Amoeba 
are indicated in Figure 3. In a projecting pseudopodium the 
movements are of the same character as those at the anterior 
end (Fig. 3), save when the pseudopodium projects freely into 




Fig. 3. — Diagram of the movements of an Amoeba in locomotion, side view. The arrows 
show the direction of the currents ; the longer arrows indicating more rapid movement. 
The large arrow above shows the direction of locomotion. The anterior end (A) is thin 
and attached to the substi-atum as far back as x ; the lower surface from a to jr is at 
rest. The posterior end {P) is high and rounded, and free from the substratum, a, b, c, 
successive positions occupied by the anterior end. The broken outline shows the position 
occupied by the Amceba a little later. 

the water, being nowhere in contact with a solid. In the latter 
case the entire surface moves outward, in the same direction as 
the tip. 

Details of the obser\'ations and experiments which demon- 
strate the movements to be of the character just set forth are 
given in an extensive paper published elsewhere (Jennings, 104). 
The movements were determined chiefly by observing the motion 
of objects attached to the outer surface of Amoeba, of objects 
partly imbedded in the outer layer, and of particles within the 
body. The movements as thus studied are clear, and exclude 
the possibility of the typical existence of backward currents on 
the surface. 

It appears then that Amoeba does not move in the same man- 
ner as do the imitations based on local changes in the surface 
tension of a fluid mass. The currents which form the charac- 
teristic features in the latter case are not present in Amoeba. 
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Neither theoretically nor practically does there appear to be any 
evidence that movements due to changes in surface tension can 
take place without these characteristic currents. We cannot then 
consider the movements of Amoeba to be due to a decrease in 
surface tension at the anterior end, as in the "imitations." In 
precisely the feature which led to the supposition that the move- 
ments in the two cases were of the same character we find that 
there is actually an absolute contrast. In Amoeba the surface 
currents are in the direction of movement of the mass, and in the 
same direction as the central current ; in the imitations they 
are in the opposite direction. 

Clearly the surface tension theory will not account for the 
phenomena as they actually exist. This becomes still more evi- 
dent when we consider the formation of pseudopodia not in 
contact. In these there is not only no backward current, but 
also no resting surface ; axis and surface move outward in the 
same direction as the tip. Such movements are not producible 
by local changes in surface tension. The ** imitations " are imi- 
tations only to the extent that they are fluids and that they move ; 
they are not imitations so far as the nature of the movements 
and their cause is concerned. 

A much more nearly accurate imitation of the movements of 
Amoeba may be produced with gravity as the active agent in 
place of surface tension. A drop of water moving down hill on 
a surface to which it does not cling strongly shows the same 
rolling movement that we find in Amoeba. The lower surface 
(in contact with the substratum) is at rest, while the upper sur- 
face moves forward and passes continually around the anterior 
end to the lower surface. But we know that gravity is not the 
active agent in the movement of Amoeba. 

An imitation of the usual locomotion of Amoeba that is accu- 
rate even to minute details is described by the present author in 
the paper on the behavior of Amoeba already cited (Jennings 
: 04). A drop of fluid resting on a substratum is caused to 
adhere to the substratum more strongly at one edge than at the 
other. Thereupon the drop moves toward the more adherent 
edge, and in so doing it shows exactly the form and movements 
of an Amoeba in locomotion. The experiments may best be 
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performed as follows : A piece of smooth cardboard, such as 
the Bristol board used for drawing, is placed in the bottom of a 
flat dish and on a certain spot on the cardboard is placed a drop 
of water. The whole is then covered with bone oil. This soaks 
into the cardboard, except where the latter is protected by the 
drop of water. After the board is well soaked in oil the drop 
of water is removed, leaving the whole surface covered with oil 
some millimeters deep. Now a drop of water or glycerine, to 
which has been added some fine soot, is placed on the cardboard 
under the oil. This drop is allowed to come in contact by one 
edge with the area which had been protected from the oil. To 
this area it adheres, the edge in contact spreads out as a thin 
sheet, and the rest of the drop is pulled over to the area. Its 
movement is then exactly that typical for a flowing Amoeba, so 
that Figure 3 would do equally well for a diagram of the move- 
ments of such a drop as for those of Amoeba. The resemblance 
extends to minute details ; many of these are set forth in the 
author's paper above cited (104). Among other things, the 
formation of pseudopodia in contact with the substratum may 
be imitated by making the area to which the drop adheres at one 
edge very small ; then a projection is formed merely of the width 
of this area. 

But this imitation, like the others, fails when we take into 
consideration the formation of pseudopodia which are nowhere 
in contact with a solid. Projections corresponding to these can- 
not be formed in the physical experiments just described, for in 
these adherence to a solid is the essential point. Since the 
entire anterior end of the Amoeba can be pushed out into the 
free water, we find that Amoeba can perform all the active 
operations concerned in locomotion without adherence to a 
solid. This effectually blocks any attempt to explain the move- 
ments of Amoeba as due, like those of the drops in the exper- 
iments just described, to one-sided adherence to the substratum. 

Thus none of the physical imitations gives us a clue to the 
physical agent actually at work in the movements of Amoeba. 
The experiments last described are perhaps useful in giving us 
an idea of the direction of action of the forces at work in pro- 
ducing locomotion. Not even so much as this can be said of 
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the surface tension experiments ; the direction of action of 
the forces in these is evidently different from that in Amoeba. 

We may then turn to imitations of other activities of Amoeba. 
Many attempts have been made to imitate certain of the reac- 
tions to stimuli — particularly the positive reaction to chemicals. 
Such imitations depend on the fact that a local decrease in the 
surface tension of a drop of fluid may be caused by contact 
with a chemical ; the drop then moves in the direction of low- 
ered tension. Some of the experiments based on this are the 
following : 

Rhumbler ('99, p. 585) placed a small drop (60 to 90 /i in 
diameter) of castor oil in alcohol, and brought close to it the 
open end of a capillary tube containing clove oil, chloroform, or 
5 ^ potassium hydroxide. The substance within the tube dif- 
fused out against the drop of castor oil and decreased its surface 
tension in the region of contact. Thereupon the usual currents 
were produced (Fig. i), and the drop moved in the direction of 
lowered tension, finally entering the tube. 

Bernstein (: 00) placed a drop of mercury in twenty per cent, 
nitric acid, then brought near it a crystal of potassium bichro- 
mate. By the chemical action the surface tension on the side of 
the drop next to the crystal is decreased. Thereupon the drop 
moves rapidly over to the crystal, and may push it about from 
place to place. 

In the drops of clove oil in a mixture of glycerine and alcohol, 
described above (p. 8), similar movements may be caused (Jen- 
nings :02). With a capillary pipette a little alcohol is brought 
near one side of the drop. This decreases the surface tension 
of the part affected ; thereupon a projection is sent out toward 
the alcohol, and the drop as a whole moves toward it. If the 
drop is heated at one edge, by touching the cover glass near it 
with a hot wire, the clove oil moves toward the heated side, and 
may be induced to follow the wire for some distance. 

In all these experiments the movement is due to local altera- 
tions in surface tension ; the drop moves tOMjard the region of 
lowest tension ; there is a central current in the direction of loco- 
motion, and surface currents in the opposite direction. In 
Amoeba, on the other hand, as we have seen, the movements 
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cannot be considered due to local decrease in surface tension. 
There are no superficial currents away from the region toward 
which the animal moves, but all parts that are in motion move 
toward the object causing the reaction. (For details, see Jen- 
nings, 104.) The experiments do not imitate the essential 
features of the action of Amoeba, and do not show us the 
causes at work in its behavior. The reactions of Amoeba are 
not simple direct results of the physical action of the agents 
producing them, but are indirect, like those of higher ani- 
mals. 

Many imitations have been devised for the taking of food by 
Amoeba. Rhumbler ('98) holds that the ingestion of food by 
Amoeba is due to physical adhesion between the liquid proto- 
plasm and the solid food. He shows that drops of all sorts of 
fluids take in certain solids in this manner. A drop of water 
placed at the edge of a plate of glass draws to itself and envel- 
opes splinters of wood and various other solids which come in 
contact with it. Glycerine, oils, white of egg, gum arabic, mas- 
tax varnish, etc., are shown to do the same. A convenient way 
of showing this is to fill a capillary glass tube with the fluid, 
then to bring a small piece of the solid in contact with the free 
surface of the liquid at the end of the tube. The pulling of 
the solid into the liquid is due to the adhesion of the two, in 
connection with the surface tension of the liquid. 

These experiments of Rhumbler show that food might be 
taken in this manner, not that it is so taken. Careful study 
shows that there is in most species of Amoeba no adhesion 
between the protoplasm and the food body. Food is taken by 
actively enclosing it along with a small quantity of water ; the 
fact that no adhesion exists between it and the protoplasm is 
strikingly evident, and occasions much difficulty in the ingestion 
of food. (For details, see Jennings, 104, and compare the simi- 
lar account of food-taking by Le Dantec, '94.) Thus the 
experiments do not really imitate the essential features of the 
behavior in Amqpba. Only in Amoeba verrucosa and its close 
relatives is there evidence of adhesion between the animal and 
its food. But even here there is adhesion equally to bodies 
which do not serve as food and are not ingested, so that for the 
ingestion itself an additional factor is necessary. 
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One of Rhumbler's most striking experiments is an imitation 
of the method by which Amoeba takes as food a long filament 
of Oscillaria, coiling it up and enclosing it. The Amoeba set- 
tles down somewhere along the filament, lengthens out upon it, 
and bends it over, forming a loop. This process is repeated 
until the long filament forms a close coil within the Amoeba 
(figures in Rhumbler, 1898, p. 211, Lang, :oi, p. 39; a simi- 
lar account with figure in Leidy, '79, p. 86). Rhumbler con- 
siders this remarkable process to be brought about as follows : 
The Amoeba adheres to the filament. It lengthens out along it, 
just as a drop of water lengthens out along a filament to which 
it adheres. Owing to the surface tension of the fluid proto- 
plasm, impelling it to take the spherical form, it pulls on the 
two halves of the filament, producing a thrust inward from both 
directions. Gradually the enclosed parts of the filament are 
softened in the digestive processes of the Amoeba. The soft- 
ened portion then yields to the thrust from both directions 
and bends, so that more of the filament can be pulled into the 
Amoeba by the tension of its surface film. The Amoeba then 
lengthens out farther, owing to adhesion ; more of the filament 
is softened and yields farther, so that more is pulled in by sur- 
face tension. This process continues until the filament is com- 
pletely coiled up and enclosed. 

On the basis of this explanation Rhumbler devised an imita- 
tion of the process. A chloroform drop is placed in the bottom 
of a watch-glass of water. A long fine thread of shellac, 
obtained by heating two pieces of shellac in contact over a flame 
and rapidly pulling them apart, is brought in contact with the 
drop. The latter envelopes the filament in some portion of its 
length, then proceeds to coil it up, as Amoeba does with the 
Oscillaria filament ; after a time the shellac thread is completely 
enclosed within the chloroform drop. The mechanism of the 
process is conceived to be the same as that above given for 
Amoeba and the Alga filament. 

This experiment is an interesting example of one of the 
numerous difficulties which beset the worker along such lines, 
— of the fact, namely, that even the imitation may not agree 
with the explanation given. The coiling up of the shellac 
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thread by the chloroform is not explicable in the manner sup- 
posed by Rhumbler ; the surface tension of the drop has really 
nothing to do with it. This is shown by the fact that such 
a thread of shellac is coiled up in exactly the same manner if 
submerged in a large vessel of chloroform, so that it is nowhere 
in contact with the surface film. The coiling up is apparently 
due to strains within the shellac filament, produced when it was 
pulled out, and to the adhesiveness of its surface when wet with 
chloroform. There are no corresponding factors in the Oscil- 
laria thread ; this will 'indeed, as Rhumbler has shown, straighten 
out again when released by the Amoeba. The process by which 
Amoeba coils up the Oscillaria filament must thus be of an 
essentially different character from that occurring in the experi- 
ment. The explanation given by Rhumbler may of course still 
be correct for the process in Amoeba, though it is not correct 
for his imitation of the process. 

Amoeba does not ingest every small object with which it 
comes in contact, but exercises an evident choice as to the 
substances which it takes as food. Physical explanations and 
imitations of such choice have been given. We may notice 
especially those set forth by the present author (: 02) in exten- 
sion of certain experiments of Rhumbler. A drop of chloroform 
is placed in the bottom of a watch-glass of water, and with fine 
tweezers pieces of various substances are brought in contact 
with its surface. Some are at once taken in ; others are not, 
or are thrown out if forced into the drop. Glass, sand, dirt, 
wood, gum Arabic, and chlorate of potash are rejected ; shellac, 
paraffin, styrax, and hard Canada balsam are accepted. The 
selection or rejection depends upon the relative amount of adhe- 
sion between the solid object on the one hand and the chloro- 
form and water on the other. Those which adhere more strongly 
to' the chloroform than to the water are taken in ; others are 
rejected. 

These experiments show how choice might occur in an organ- 
ism ; they do not show how it actually occurs in Amoeba. 
Food-taking is usually, as we have seen, not accompanied by 
adhesion between Amoeba and the food, so that choice of food 
cannot be explained as due to the fact that some substances 
adhere while others do not. 
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Rhumbler ('98) has given a physical imitation of the taking 
in of a food body and of later giving off the undigested residue 
(defecation). A rod of glass covered with a thin layer of shellac 
is taken in by a drop of chloroform (as a result of adhesion). 
The shellac is dissolved off by the chloroform and the glass rod 
is then thrown out, since the chloroform does not adhere to it. 
This imitation, like the others, loses much of its force in view 
of the fact that food-taking is not usually due to adhesion and 
that substances which do not adhere are taken as food ; defeca- 
tion cannot then be explained as due simply to lack of adhesion. 

In all the imitations thus far we find that the physical factors 
at work cannot be considered the same as those that are acting 
in Amoeba. The imitations are such only in purely external 
features. There exist certain imitations, however, in which this 
has not been proved to be the case. Thus, Rhumbler ('98) 
found that when chloroform drops are placed in water, the water 
gradually passes into the chloroform, collecting in minute glob- 
ules, which later gather in a larger drop. This larger drop is 
finally given off to the outside. This process Rhumbler con- 
siders analogous to the formation and discharge of the contractile 
vacuole in Amoeba. The present author ( 104) has described 
imitations of certain movements of the pseudopodia in Amoeba, 
produced in liquids partly covered with a solid layer ; these are 
hardly of sufficient general interest to be detailed here. The 
most striking experiments which can still be considered with 
some degree of probability to indicate the factors really at work 
in certain processes occurring in the Rhizopoda are undoubtedly 
Rhumbler's imitations of the production of Difflugia shells. 
Since these deal with an organism closely related to Amoeba, 
they may be described here. 

The experiments may be performed as follows : Chloroform 
is rubbed up with fragments of glass in a mortar until the glass 
is reduced to the finest dust. Then with a pipette drawn out to 
a small. point drops of this mixture of chloroform and glass are 
injected into water. At once the grains of glass come to the 
surface of the drops so formed and arrange themselves in a 
single layer, without chinks or crevices, exactly as in the shell 
of Difflugia. The chloroform drop is thus covered with a shell 
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having a striking resemblance to that of Difflugia. In place of 
chloroform, linseed oil or other oils may be used. The drops 
must then be injected into 70 ^ alcohol, since the oil would float 
on water. 

The factors at work in the formation of the "artificial shells " 
are diffusion currents within the chloroform, the adhesion of the 
bits of glass to its surface, and the action of surface tension in 
arranging and fitting together the bits of glass. Studies of the 
process by which the shell of Difflugia is formed at the time of 
division of the animal seem to indicate that the same factors 
may be at work in the living organism. (See Rhumbler, '98, 
p. 289.) 

Reviewing our results, we find that few of the experimental 
imitations of the activities of Amoeba stand before a critical 
comparison with what actually takes place in the animal. Such 
comparison shows in almost every case that the factors at work 
in the imitations are essentially different from those acting in 
Amoeba. In particular, almost all the imitations based on local 
changes in surface tension break down completely. 

What are we to conclude from this fact as to the part played 
by surface tension in vital phenomena } The tendency has been 
of late to attribute more and more of a r61e among life processes 
to surface tension. Amoeba has been the chief place where the 
important part played by surface tension seemed really demon- 
strable ; the movements, the reactions to stimuli, the taking of 
food, and the choice of food, were all attributed to this and 
closely related factors. With the demonstration of the complete 
failure of surface tension to account for the phenomena that 
were chiefly relied on to prove its importance, the supposition 
that it plays an immensely important r61e in life processes loses 
much of its weight. Surface tension may of course, in a more 
refined way than was supposed for Amoeba, still play the large 
role in vital phenomena that some attribute to it. In the 
meshes of Biitschli's protoplasmic meshwork, or in the muscle 
fibrillae (Bernstein), it may perhaps do what is demanded of it. 
Possibly the study of surface tension is still the most promising 
field for detection of the physical factors underlying life proc- 
esses. But the surface tension theory must come to us shorn 
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of the trophies of its prowess, — its supposed full explanation of 
most of the activities of Amoeba, — and bearing instead the 
record of a complete defeat. 

What positive results of value have the physical imitations of 
vital activities in Amoeba to show 1 As we have seen, there are 
still two or three of these that may really give us a clue to the 
factors at work in the vital processes ; at least this has not yet 
been disproved. Beyond this the positive results are of a very 
general character. The imitations show that a drop of fluid 
might, through physical factors, show locomotion, move toward 
certain agents and away from others, and exhibit choice in the 
taking in of certain substances and the rejection of others. But 
they do not show specifically through what physical factors the 
activities are as a matter of fact brought about in Amoeba or any 
other particular organism. 

The chief value of most of the attempted physical imitations 
is that of a trial. The method of trial and error is a method of 
progress in science as elsewhere. In these imitations a definite 
explanation of the phenomena is put on trial. The "trial " con- 
sists in a more careful study of the phenomena in question ; it 
is as an inspiration to such study that the imitations are of great 
value. If as a result the explanation given is recognized as 
^* error," that is in itself an advance; this particular trial will 
not need to be made again. Continued application of this 
method of trial and error must result finally either in the dis- 
covery of the real factors at work, or in the recognition that we 
are dealing with a new class of factors not found in physics. 
University of Pennsylvania. 
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THE PSYCHOLOGY OF A PROTOZOAN. 



By H. S. JBNNINGS. 



The nature of the psychic activities of unicellular organisms 
has of late become the object of considerable interest, though 
little work dealing with the problems in a fundamental way hks 
been published since the researches of Verwom. The writer 
has recently made a perhaps more thorough study of the life 
activities of a typical infusorian, Paramecium, than has ever 
been made heietofore of any unicellular organism; the results 
of this study have been publish^ in a number of papers in physio- 
logical journals. ^ This work was not done primarily from the psy- 
chological standpoint, and the papers referred to give nowhere a 
full and connected account of the bearings of these studies upon 
the psychological problems presented by the behaviour of the 
Parameda. Yet taken together they enable an almost com- 
plete presentation to be given of the psychology of this animal; 
while there is reason to believe that Paramecium is in this 
matter typical of nearly or quite the whole class to which it 
belongs. In the present paper an attempt is made to bring to- 
gether succinctly the observations which bear upon the psychic 
powers of this organism, in such a way as to present a complete 
ontline of its psychology. 

Paramecium is well known in every biological laboratory, 
living 1^ thousands in pond water containing decaying vegeta- 
ble matter. It is a somewhat cigar-shaped creature, about 
one-fifth of a millimeter in length, plainly visible to the naked 
eye as an elongated whitish speck. The entire sur&ce of the 
animal is covered with cilia, by means of which it is in almost 
constant motion. 

Now what are the phenomena in the life of Paramecium 
which leqmie explanation from a psychological standpoint? 

Examination shows that under normal conditions Parameda 

^Stadies on Reactions to Stimali in Unicellular Oi^^nisms. I. 
Reactions to Chemical, Osmotic, and Mechanical Stimuli in tfaeCiliate 
Infnsona. JourtuU of Physiology^ May, 1897, Vol. XXI, pp. 3158-322. 
II. The Mechanism of the Motor Reactions of Paramecium. Amer- 
icon Journal of Physiology, May, 1899, Vol. II, pp. 311-341. III. 
Reactiona to Localized Stimuli in Spiroetomum and Stentor. Aimer- 
ican Naturalist, May, 1899, Vol. XXXIII, pp. 373-389. IV. Laws of 
Chemotazis in Paramecium. American Journal cf Physiology^ May, 
1899, Vol. II, pp. 355-379. 
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are usually engaged in feeding upon the ma.sses of Bacteria 
which form a tliick zoogloea on the surface of the water in 
which they are found. These Bacteria form almost or quite 
their entire food. A first question then might be : How do they 
choose their food, selecting Bacteria in preference to something 
else? 

If Pararoecia are placed on an ordinary slide such as is used 
for examining objects with the microscope^ together with a small 
bit of bacterial zoogloea, and the whole covered with a cover- 
glass, it will soon be found that almost all the Paramecia, which 
were at first scattered throughout thepreparation^ have gathered 
closely about the mass of zoogloea and are feeding upon it. It 
will be seen e\^en, that many Paramecia which cannot ou account 
of the crowd get near enough to the mass to touch it are push- 
ing close and shoving their more fortunate brethren, all appar- 
ently trying to get as near to the delicacy as possible. Some 
may be ten times their own length from the mass, but never- 
theless crowd in from behind, apparently with the greatest 
eagerness. Here we have a related problem. How do the 
Paramecia collect thus from a distance about the mass? And 
what is the psychology of their crowding together thus, like a 
human crowd about a circus door? In the human crowd 
somewhat complex psychological qualities are involved; must 
we say the same for the Paramecia ? 

If we mount the Paramecia m the manner above described, 
but without the mass of bacterial zoogloea, we shall soon notice 
another phenomenon reminding us of human beings under like 
conditions. The Paramecia do not remain scattered as at first, 
but soon begin to collect into assemblages in one or more re- 
gions. It appears as if they did not enjoy being alone and had 
passed the word along to gather and hold a mass meeting in 
some part of the preparation; at least we soon find them nearly 
all in a little area near one end of the slide, with perhaps another 
smaller crowd off near the other end, while all the r^t of the 
space is empty. Sometimes such a crowd becomes very dense; 
the Paramecia jam each other after the most approved human 
fashion, crowding as if all were tr>'ing to get near some popu- 
lar orator in the center. If we watch such an assembly for 
some time, we find that the interest is apparently gradually lost; 
the Paramecia begin to separate a little, — not leaving the crowd 
entirely, but extending the area and wandering about its edges. 
The assembly thus becomes more and more scattered, the area 
in which the Paramecia swim back and forth being continually 
enlarged; but a rather sharp boundary is nevertheless main- 
tained on all sides, as if by common consent no Paramecium 
was to pass farther out than all the rest. 

Here we have what seems a decidedly complex psychological 
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problem, — the beginning, or perhaps even a high development, 
of social conditions. In the culture jars, also, we find the Para- 
mecia gathered into swarms, and any proposed psychology of 
the Protozoa must account for these social phenomena. 

Further, we find that Paramecia seem to have decided pref- 
erences in taste. They have a special predilection for sour, 
gathering with apparent eagerness into a drop of any solution 
having a weakly acid reaction, while their p^t antipathy is 
toward anything alkaline in character. A drop of fluid having 
an alkaline reaction is therefore left severely alone and remains 
entirely empty when introduced into a slide of Paramecia. They 
also seem to show decided preferences as to heat and cold; they 
collect in regions having a certain temperature, leaving a colder 
or warmer area to gather in such an optimum region, just as 
hnman beings do. The whole question of how animals are 
attracted by certain influences and repelled by others is one of 
the most fundamental problems to be solved. 

Thus the ordinary daily life of a Paramecium seems, on the 
face of it, to present many complex psychological problems. 
Apparently they feel heat and cold and govern themselves ac- 
cordingly, have decided preferences as to the nature of the sub- 
stances dissolved in the water, seeking some, fleeing from others; 
they live upon one definite sort of food and find ways of dis- 
covering a mass of such food even when scattered at a distance 
from it, and finally, they are social, being commonly found in 
swarms together and finding means of getting together even 
when scattered over a wide area. 

From observations of this sort, some authors have concluded 
that such animals have a complex psychology, lacking few of 
the factors to be distinguished in the psychology of the higher 
animals. Thus, Binet says, in the preface to his book on The 
Psychic Life of Micro-organisms ** We could if necessary, take 
every single one of the psychical faculties which M. Romanes 
reserves for animals more or less advanced in the zoological 
scale, and show that the greater part of these faculties belong 
equally to micro-organisms.'* Thus, it could be maintained 
from the brief summary I have given of the activities of Para- 
mecium that these animals have sensations of various sorts, 
since they distinguish heat and cold, acids and alkalies; that 
they exercise choice in that they gather in the regions of certain 
agents, while they turn away from others; that such choice in itself 
implies intelligence\ that the choosing and gathering about masses 
of food implies a memory of the qualities of this substance as 
compared with others; that they show such emotions as fear by 
fleeing from injurious substances (Binet expressly states this); 
that finally, acute senses, memory, choice, social instinct, in- 
telligence, and a whole host of higher mental attributes, are 
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necessarily implied in the phenomenon of their seeking each 
other's society and gathering together even from a considerable 
distance into crowds. 

Is it possible by a closer analysis of the phenomena to sim- 
plify this complex psychology which seems forced upon us by 
the observed facts? 

First, we should examine a little more closely the structure 
of the animal to see what is here available for the production 
of these results. Often function depends upon structure to such 
an extent that what appears to be a complex activity is found 
to be only the automatic result of the simplest movements of a 
peculiarly constructed organ or set of organs. 

Paramecium is an elongated animal, with one end (the an- 
terior) narrower and blunter, while the other (the posterior) is 
broader and pointed. On one side of the animal (the oral side) a 
broad oblique depression, called the oral groove, runs from the 
anterior end to the mouth, in the middle of the body. Near 
the opposite side (theaboral side) are two contractile vacuoles 
imbedded in the protoplasm. The mouth is a small opening 
at the end of the oral groove in the middle of the body; from 
it a narrow ciliated tube, the gullet, passes into the internal 
protoplasm. In the center of the animal are imbedded the single 
large macro-nucleus and the single small micro-nucleus. The 
entire body is thus a single cell. Under ordinary conditions all 
the cilia of the body strike backward, which of course drives 
the animal forward. The stroke of the cilia is apparently 
somewhat oblique, for as the animal moves forward, it at the 
same time continually revolves on its long axis: in this way 
the oral and aboral sides continually interchange positions. 

Now the structure and ordinary movements of the animal 
explain a certain activity which in higher forms may be asso- 
ciated with some degree of psychological complication, namely, 
the taking of food. Since the oral groove is ciliated like the 
rest of the body, when the cilia strike backward in the ordi- 
nary forward motion a current of water is produced running in 
the oral groove backward to the mouth. Small particles such 
as Bacteria, are thus carried automatically to the mouth. The 
mouth and gullet are ciliated and the cilia strike toward the 
interior of the animal,, hence the particles arriving at the mouth 
are carried by the cilia into the interior, where they undergo 
digestion. The taking of food is thus purely automatic. 

Moreover, as has long been known, Paramecia and similar 
animals seem not to exercise a choice as to the nature of the 
food which they take. Any small particles such as will pass 
readily down the gullet are swallowed with the same avidity as 
the Bacteria, it matters not how indigestible they may be. 

But, as we have seen above, if a small piece of bacterial 
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zoogloea on which the animals feed is introduced into a prepa- 
ration of Paramecia, the latter soon find it and crowd around 
it. It seems possible, therefore, that the choice of food takes 
place merely a step sooner than with higher animals, the Para- 
mecia choosing the food by gathering around it, — then taking 
whatever comes. To test this we introduce a bit of filter paper 
into the preparation in place of the bacterial mass. The Para- 
mecia collect about it exactly as about the zoogloea. They 
gather from all parts of the preparation and crowd upon it with 
the same apparent eagerness as previously upon the food mass. 
The same results are gained with bits of cloth, cotton, sponge, 
or any other loose or fibrous bodies. The Paramecia remain 
assembled about such bodies indefinitely, the oral cilia working 
away at bringing a current to the mouth, which current carries 
no food particles whatever. 

Thus it appears that Paramecia exercise no choice as to the 
nature of the substances which they use for food, gathering in- 
differently about loose fibrous bodies of any sort, and swallow- 
ing particles of any kind or none at all, as chance may direct. 
We may cut out, therefore, any psychological qualities deduced 
alone fix>m the supposed choice of food, putting in their place 
merely the fact that Paramecia react in a peculiar way when 
they come in contact with bodies of a certain physical texture. 
The reaction consists essentially of a quieting of the cilia over 
the greater part of the body, while those in the oral groove 
continue to strike backward, causing a current toward the 
mouth, — the body of the animal remaining nearly or quite at 
rest. It is important to recognize, in calling this a reaction, 
that it is not shown by a movement, but by a cessation of part 
of the usual motion. 

Having been so successful in reducing the matter of feeding 
to simple factors, we may attack at once the most complex 
problem of all — the social phenomena shown in the gathering 
together of the scattered animals into a close group, as already 
described. Is there any way of dispensing with the sharpened 
senses, memory, social instinct, intelligence, and the like, which 
seem to be involved in these phenomena ? 

The possibility suggested itself that these collections might 
be due to the presence of some substance which was attractive 
to the Paramecia, and into which all would gather with one 
accord, — so that the fact that they approached each other 
would be a secondary result. This led to an extended study 
of the chemotaxis of Paramecia, the results of which are de- 
tailed in the first of the papers above referred to. It was found 
that Paramecia are attracted by all acids, and that in the case 
of any unknown substance having marked attractive properties, 
it can be predicted with a high degree of certainty that this 
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substance will be found to have an acid reaction. Carbonic 
acid (CO3) especially was found to exercise a strong attraction 
on the inftisoria. 

Now these animals, like all others, of course excrete carbon 
dioxide, which must therefore find its way into the water. The 
quantity of CO 2 thus produced by one of the dense assembla- 
ges of Paramecia was shown to be distinctly appreciable by 
chemical reagents, by means of the following experiment: 
Paramecia were mounted in water to which a distinctly reddish 
color was given by mixing with it a small quantity of rosol. 
This substance has the property of being decolorized by carbon 
dioxide. The rosol does not injure the Paramecia, and they 
soon gather together in a dense collection, as in ordinary water. 
By observing the slide against a white background it is soon 
noticed that the solution is losing its color about the group of 
Paramecia. The colorless area after a time spreads, and at the 
same time the group of Paramecia begins to break up, as pre- 
viously described. The Paramecia swim back and forth in the 
colorless area (that is, the area containing (C02)t from one 
side to the other, but without passing its boundaries. The 
colorless area increases in size, and the area in which the Para- 
mecia swim back and forth keeps exact pace with it; the two 
coincide throughout. 

The same phenomena may be produced by introducing a 
small bubble of COj into the slide. The Paramecia collect 
closely about the CO 2, pressing against the bubble. In this 
way a dense mass is soon formed. After a time, as the CO 2 
diffuses, the mass loosens; the Paramecia swim back and forth in 
the area of diffusing CO 2, not overpassing its boundaries. The 
phenomena caused by the presence of a bubble of CO 2 are 
identical in every respect with those which are apparently 
spontaneous. There is no question but that the assembling of 
the Paramecia into crowds is due to the presence in these 
crowds of CO 2 excreted by the animals themselves. 

Thus it appears that our social phenomena, with all their 
implications of higher mental powers, have evaporated into a 
simple attraction toward carbon dioxide. 

But how do the animals succeed in collecting from a distance? 
At first they are distributed throughout the entire preparation; 
when we introduce the bit of bacterial zoogloea or filter paper, 
how do the Paramecia discover its presence, so as to collect 
about it ? From the general wreck of higher mental qualities, 
can we not save at least the acute senses necessary to account for 
these phenomena ? 

To determine how the Paramecia succeed in finding and col- 
lecting about a small solid placed in the middle of a large slide, 
it is necessary to study the ordinary method of locomotion of the 
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animals. '* If a preparation of Paramecia on a slide, contain- 
ing in one spot a small bit of filter paper is closely observed, 
the Paramecia are seen at first to swim hither and thither in 
every direction, apparently without directive tendency of any 
sort. . . Soon a single individual strikes in its headlong 
course the bit of paper. It stops at once, often starts backward 
a slight distance, and whirls about on its short axis two or three 
times, then settles against the bit of paper and remains. 
Quickly another and another strike in the same way and re- 
main. Now the excretion of CO2 by the animals gathered 
together begins to take effect; the region becomes a strong 
center of attraction, and in ten to fifteen minutes, and often 
less, the paper is surrounded by a dense swarm of Paramecia, 
containing a large majority of all those in the preparation." 
(I, p. 299.) Thus, the finding of the bit of paper is due 
simply to the roving movements of the animals. Moreover, 
for gathering in an area containing CO3 or other add alone, a 
similar dependence upon chance motions appears. There is no 
swimming in straight radial lines to the area of CO 3 as a center; 
the Paramecia swim at random until they come by accident into 
the region of COjj there they remain. The precise place where 
a group of Paramecia is formed in some part of a slide into 
v^hich nothing has been intentionally introduced that would act 
as a center of attraction is determined by chance factors. One 
or two individuals, perhaps, strike by accident a bit of solid 
matter suspended in the water, or a slight roughening of the 
cover glass; the thigmotactic reaction is set up, so that t}iey 
stop, and as a result the region becomes a center for the pro- 
duction of carbon dioxide. The remainder of the collection is 
then due to CO3, and takes place in the manner last described. 

We must, therefore, along with the rest, dispense with speci- 
ally acute senses. The Paramecia do not react until they are in 
actual contact with the source of stimulus, and for coming in 
contact with the source they depend upon roving movements 
in all directions. 

Thus we find that all more complex psychological powers 
deduced firom the *' social phenomena," as well as those from 
the choice of food, must fall to the ground. For explaining all 
the phenomena with which we have thus far dealt, but three 
factors are necessary : ( i ) the customary movements of the 
unstimulated animal; (2) the cessation of these movements, 
except those in the oral groove and gullet, when in contact 
with solids of a certain physical character; (3) attraction 
toward CO 3. 

We have still remaining to be accounted for psychologically 
the atiracizan toward certain reagents and conditions, as toward 
CO2 and toward the optimum temperature, and the repulsion to- 
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ward other reagents and conditions, such as alkalies, and cold or 
great heat. This selective attraction and repulsion is a phenomenon 
of great importance, seeming in itself to imply a choice on the 
part of the organisms. If they move toward certain sources of 
stimuli and away from others, this seems to involve a perception 
of the localization of things, and this can hardly be regarded 
otherwise than as at least the beginnings of intelligence. More- 
over, from its apparent general occurrence, much theoretical 
significance has been attached to it. Now how does this attrac- 
tion and repulsion take place? Organisms usually move by 
means of certain organs of locomotion; attraction and repulsion 
cannot therefore be left as abstract ideas, but it must be shown 
how the attractive agent sets these organs in operation in such 
a manner as to bring the animal nearer; how the repellent 
agent succeeds in aflFecting the locomotor organs so as to carry 
the animal away. To apply this to the particular case in hand, 
when a drop of some attractive solution is introduced into a 
slide of Paramecia, how does it succeed in affecting the cilia of 
the animals in such a way that they turn toward and enter the 
drop? 

Exact observation of the method by which the Paramecia 
enter such a drop shows that this question is based on a false 
assumption. The animals do not turn toward the drop. Such a 
drop diffuses slowly, so that its margin is evident, and the 
Paramecia may be seen in their random course to almost graze 
the edge of the drop without their motion being changed in 
the slightest degree; they keep on straight past the drop and 
swim to another part of the slide. But of course some of the 
Paramecia in their random swimming come directly against the 
edge of the drop. These do not react, but keep on undisturbed 
across it. But when they come to the opposite margin, where 
they would, if unchecked, pass out again into the surrounding 
medium, they react negatively— ]^x)shx\% back and turning again 
into the drop. Such an animal then swims across the drop in 
the new direction till it again comes to the margin, when it re- 
acts negatively, as before. This continues, so that the animal 
appears to be caught in the drop as in a trap. Other Paramecia 
enter the drop in the same way and are imprisoned like the 
first, so that in time the drop swarms with the animals. As a 
result of their swift random movements when first brought upon 
the slide, almost every individual in the preparation will in a 
short time have come by chance against the edge of the drop, 
will have entered and remained, so that soon all the Paramecia 
in the preparation are in the drop. If, however, the drop is 
not introduced until the Paramecia have quieted down, it will 
be found to remain empty; this shows the essential part played 
by the roving movements in bringing the collection together. 
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Thus it appears that the animals are not attracted by the 
fluid in the drop; they enter it by chance, without reaction, 
then are repelled by the surrounding fluid. This is true for all 
apparently attractive reagents or conditions. Paramecia are not 
directly attracted by any substance or agency; the assembling in 
the region of certain conditions being due to the repellent power 
of the surrounding fluid, after the Paramecia have entered by 
chance the area of the conditions in question. 

There remains then as a motor reaction only the repulsion 
due to certain agents and conditions. Is this repulsion an ulti- 
mate fact in the psychology of the animal, or is it possible to 
analyze it further ? 

The first thing which a Paramecium does on coming in con- 
tact with a drop of repellent solution is to reverse all its cilia, 
so as to swim straight backward, — at the same time revolving 
on its long axis in a direction opposite to that in which it was 
previously revolving. Next it turns to one side a certain 
amount, then swims forward again, on a path which lies at an 
angle to the path in which it was first swimming. Briefly 
stated, it adopts the very rational plan of backing ofi", turning 
to one side, and swimming on past the obstacle. We must 
apparently concede the Paramecium at least a modicum of intel- 
ligence for the verj' practical way in which it meets this 
emergency. 

But suppose the animal touches the margin of the drop 
obliquely, or brushes it only on one side as it swims past it 
through the water; what course will it then take? From its 
sensible behavior under the previous conditions we shall expect 
it to sheer off, away from the drop, and keep on its way undis- 
turbed or at a slight angle to the original path. But when we 
observe such a case, we find that the Paramecium backs oS, 
swimming straight backward, as before, then turns through an 
angle, then swims forward, exactly as in the previous case. 
And curiously enough, it by no means turns directly away 
from the drop, but fully as often turns toward it, so as to strike 
it squarely the next time it moves forward. If this occurs, 
the whole operation is repeated; the animal tries, as it 
were, for a new opening. Sometimes it is necessary to repeat 
the operation several times before the Paramecium succeeds in 
getting away from the repellent object. 

Under these circumstances the animal evidently gives much 
less indication of intelligence, and the fact that it reacts in ex- 
actly the same way under such different conditions is especially 
fitted to shake confidence in its mental powers. Apparently 
the swimming backward has no relation to the position of the 
source of stimulus, but occurs merely as a result of the fact 
of stimulation, without reference to its localization. Whether 
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tliis is true as a general statement can be tested by giving the 
animal a general shock without localizing the source of stimulus 
at all. This is easily done by immersing the Paramecia directly 
into solutions of such a nature that they act as stimuli. In 
such a case the stimulus acts upon the entire surface of the 
animal at once, so that there is no obstacle to be avoided and 
no reason for swimming backward. 

Immersing Paramecia thus into solutions of different kinds, 
it is found that the first thing they do in every case is to re- 
verse the cilia and swim backward. Nor is this all. The en- 
tire reaction is given, just as when the source of stimulus was 
at one end or one side; the animal first swims backward, then 
turns, then swims forward. This is true for all classes of 
stimuli, — chemical solutions of all sorts, water heated consider- 
ably above the optimum temperature, water at the freezing 
?>int, and solutions active only through their osmotic pressure, 
he duration of the different parts of the reaction varies much 
in different agents, but the essential features of the reaction are 
the same everjrwhere. 

It therefore appears that not only the backward swimming, 
but also the turning to one side takes place without reference 
to the localization of the stimulus, — both occurring equally 
when the stimulus is not localized at all. But what determines 
the direction in which the Paramecium turns? 

Careful observation of Paramecia under conditions which 
compel them to move slowly shows that after stimulation they 
always turn toward the aboral side, — that is, the side opposite 
the oral groove. The direction of turning is thus determined 
by the structure of the animal, and has no relation to the posi- 
tion of the source of stimulus. The mechanism of the turning 
is as follows: after the first reversal of cilia, those in the oral 
groove begin to strike backward again, tending to drive the 
animal forward, while the remainder of the cSia on the an- 
terior half of the animal strike transversely toward the oral side. 
This results in turning the animal toward the aboral side. 

We find, therefore, that the direction of motion throughout 
the entire reaction depends upon the structure of the animal 
and has no relation to the localization of the stimulus. The 
reaction may be expressed completely, omitting all reference 
to the position of the stimulus, as follows: after stimulation the 
animal swims with the more pointed end in front, turns toward 
the aboral side, then swims with the blunter end in front. 

It is of course a matter of chance whether this turning toward 
the aboral side carries the animal away from the source of 
stimulus or toward it. Frequeptly the latter is true; in this 
case the operation is repeated when the animal comes again in 
contact with the stimulating agent. As the animal revolves 
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continually on its long axis, the aboral side will probably lie in 
a new position at the next turning, so that the animal will turn 
in a new direction. If this is repeated, the chances are that 
in time the obstacle will be avoided. 

Thus, not only is it true that Paramecium is not attracted 
by any agent or condition, but also we cannot say, speaking 
strictly, that it is repelled by any agent or condition. Certain 
agents set up a reaction in the animal, the directive features of 
which depend entirely upon the structure of the organism, — 
jttst as certain stimuli cause an isolated muscle to react. We 
cannot say that the Paramecium is repelled by the stimulus, 
any more than we can say th&t the contraction of the muscle 
is due to the muscle's being repelled by the stimulus. It is 
true that the source of stimulus is more often at the blunt or ' * an- 
terior" end, in the case of Paramecium, so that swimming 
toward the sharp end does, as a matter of fact, usually result in 
taking the Paramecium away for a short distance fix>m the 
source of stimulus. But this usual position of the source of 
stimulus is from a physiological standpoint purely accidental, 
and the reaction produced is the same whether it occupies this 
position or another. If the animal is stimulated at the posterior 
end, it swims backward, therefore toward the source of stimulus; 
in this way it may enter a destructive chemical solution and be 
immediately killed, though the same chemical acting upon the 
anterior end would of course have caused the animal to swim 
away. This is seen in a particularly striking manner in the 
larger infiisorian Sptrostamum ambiguum, which is so large that 
it is easy to apply a stimulus to any desired part of the body. 
It is then found that the animal reacts in exactly the same 
manner whether stimulated at the anterior end, the posterior 
end, or the side, the direction of motion having absolutely no 
relation to the position of the source of stimulus. The same 
is true for Paramecium, though its smaller size makes the dem- 
onstration more difficult. 

A strict parity is therefore to be observed between the reac- 
tions of Paramecium and those of an isolated frog's ihuscle. 
Paramecium responds to any stimulus by a definite, well char- 
acterized reaction: ** The same may be said of the isolated 
muscle of a frog. The intensity of the reaction varies with the 
nature and intensity of the stimulus; this also is true for the 
muscle. Under certain influences the Paramecium remains 
quiet; likewise the muscle. The directive relations of the mo- 
tions are determined both in the Paramecium and in the muscle 
by the structure of the organism, not by the position of the 
source of stimulus. There seems, then, no necessity for assum- 
ing more in order to explain the reactions of the Paramecium 
than to explain the reactions of the muscle. We need, there- 
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fore, to assume nothing more than irritability, or the power of 
responding to a stimulus by a definite movement, to explain 
the activities of Paramecium** (II). The long catalogue of 
psychical qualities required to account for the movements of 
Paramecium is thus reduced to simple protoplasmic irritability. 

The method by which Paramecia collect in the regions of in- 
fluences of a certain character and leave other regions empty, 
may be stated in general terms as follows: Certain stimuli cause 
in the animals random motions, in which the direction is fre- 
quently changed, especially at the moment when the stimulus 
begins to act. These random movements result, through the 
laws of chance, if continued long enough, in carrying the Para- 
mecia out of the region of influence of the agent causing the 
stimulus. Coming thus by chance into a region where such 
movements are not caused, the Paramecia remain; if this in- 
efiective area is small, the Paramecia are crowded together 
within it and give the impression of being strongly attracted 
by it. 

** It is evident that we have in this case as near the reaction 
postulated by Spencer and Bain for a primitive organism — 
namely, random movements in response to any stimulus — as is 
likely to be found in any organism. The motions are strictly 
random in character so far as the position of the source of 
stimulus is concerned. . . . And by the repetition of the 
reaction the direction of movement is frequently changed,— 
always without reference to the localization of the stimulus. 
It appears not to have been foreseen theoretically that such 
random movements would of themselves, if continued, carr>' the 
animal out of the sphere of influence of the agent causing them 
and keep it from re-entering. To accomplish this result it is 
only necessary that the direction of motion should be changed 
at the moment when the stimulus begins to act and at intervals 
so long as it continues *' (II). 

An examination of the activities of a number of other uni- 
cellular organisms in the light of the observations above de- 
tailed shows that they react in essentially the same manner. 
For each organism a simple statement can be given for the re- 
action to any stimulus. For Spirosiomum ambiguum the re- 
action is as follows: the animal contracts, swims backward, 
turns toward the aboral side, and swims forward. Stentor poly- 
morphus contracts, swims backward, turns toward the right 
side, and swims forward. A number of flagellates also have 
been found to have such a fixed method of reaction. In all 
these cases the direction of motion has no relation to the posi- 
tion of the source of stimulus, and the conclusions to be drawn 
for Paramecium apply equally to these organisms. 

In regard to the position in the psychological scale to be as- 
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signed to Paramecium the following may be said: The reac- 
tions of Paramecium are, as we have seen, comparable in all 
essentials to those of an isolated muscle. In neither case has 
the direction of motion any relation to the position of the source 
of stimulus. Reaction in such a manner as to show a relation 
to the position of the stimulating agent has rightly been re- 
garded as a first and lowest step in perception; this lowest step 
is qnite lacking in Paramecium. Moreover, Paramecium has 
no "life history" in the sense of a change in its reactions 
such as between the reactions of a young and an adult higher 
animal. An individual undergoing division reacts exactly 
like the ordinary Paramecium, as do likewise the halves 
immediately after division. In the words of Professor Bald- 
win, "the fact of life history is just what distinguishes 
an organism from what is a ' mechanical arrangement. ' ' ' 
While we cannot deny that Paramecium is an organism, 
this fact shows the machine-like nature of its activities. 
An animal that learns nothing, that exercises no choice in any 
respect, that is attracted by nothing and repelled by nothing, 
that reacts entirely without reference to the position of external 
objects, that has but one reaction for the most varied stimuli, 
can hardly be said to have made the first step in the evolution 
of mind, and we are not compelled to assume consciousness or 
intelligence in any form to explain its activities. 
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REACTIONS OF INFUSORIA TO CHEMICALS: 
A CRITICISM. 

H. S. JENNINGS. 

In the January number of the American Journal of Physiology^ 
Garrey ^ gives the results of extended experiments on the effects 
of chemicals in causing motor reactions in the flagellate Chilo- 
monas. From the chemical side the paper is a valuable one, as 
being the most thorough study yet made of the specific effects 
of chemicals in causing reactions in unicellular organisms, and 
in treating the subject from the standpoint of modem physical 
chemistry. On the other hand, that portion of the paper which 
treats of the part played in the reactions by the organisms 
seems to me much less successful, and it is my purpose to 
point out certain criticisms on this part of the work. 

Garrey found that the motor reactions of Chilomonas are set 
strongly in operation by certain chemicals, " very swift shooting 
movements being induced,'' so that the organisms, as a result 
of these movements, soon leave the sphere of influence of the 
substance in question. This effect is termed by Garrey " chem- 
okinesis *' ; it is analogous to that which I have cajled " negative 
chemotaxis " in Paramecium. The chief portion of the paper 
is devoted to determining the relative strength of various chem- 
icals in causing this reaction, and the exact factors in the solu- 
tions that produce the effect ; interesting and valuable results 
are here brought out. 

In certain organic acids (acetic, butyric, lactic) and their 
salts Garrey found the flagellates to form aggregations, as Par- 
amecium does in solutions of CO2 and acids of all sorts ;^ 

1 Garrey, Walter £. The Effects of Ions upon the Aggregation of Flagellated 
Infusoria. Amer./oum, of Phys., vol. iii, pp. 291-315. 

' Owing to the failure of his attempts to repeat my experiments with solutions 
of COt and inorganic acids, Garrey denies my results with Paramecia. His fail- 
ure was unquestionably due to neglect to fulfill the necessary experimental condi- 
tions. I have never known the experiments to fail when properly carried out. 
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these aggregations, he says, are due to "true chemotropism/* 
In that portion of the work which deals with the way in which 
these aggregations are formed and with the part played by the 
organism, it seems to me that Garrey neglects certain facts 
that are absolutely fatal to the view of these matters which he 
puts forth. He did not determine the mechanism of the reac- 
tions of Chilomonas, — the exact way in which the organism 
moves when stimulated, — and this seems to me the first requi- 
site for an understanding of how the reactions are brought 
about. Garrey's point of departure is his definition of tropism 
(which he says is the same as taxis). 

Taking heliotropism as a type, he says : " In heliotropism the 
organism is so oriented that its axis or plane of symmetry coin- 
cides with the direction of the rays, and symmetrical points on 
the surface of the body are struck by the light rays at the same 
angle." He then quotes with approval, for the case of chemo- 
tropism. Professor Loeb's generalization : " The essence of 
chemotropic orientation would then consist in the animals plac- 
ing themselves in such a position that symmetrical points on 
the surface of the body are cut by the diffusion lines at the 
same angle." The movement of Chilomonas into drops of 
organic acid, Garrey says, is "true chemotropism," and he 
states that the organisms move toward the center of diffusion 
" as if orienting themselves to radially disposed lines ; lines 
which may represent the paths of diffusing molecules or ions." 
From this one might infer that Chilomonas actually does so 
orient itself "that symmetrical points on the surface of the 
body are cut by the diffusion lines at the same angle," and 
then swims forward in this position, as required by the general- 
ization ; Garrey says nothing to the contrary. Yet the animal 
does nothing of the sort. The very elementary fact seems to 
have escaped Garrey that Chilomonas, as is well known, is 
Mnsymmetrical^ so that it is impossible for it to orient itself in 
this manner ; there are no such symmetrical points to be thus 
cut. (In Chilomonas the so-called "upper" or larger lip lies at 
the dorso-dextral angle of the anterior end, as will be seen by 
consulting Fig. 9 ^ of PL XLV of Butschli's Protozoa, so that 
the animal is unsymmetrical both dorso-ventrally and dextro- 
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sinistrally.) Furthermore, observation of its movements shows 
that it makes no attempt to do the impossible; instead of 
retaining any such position as the generalization calls for, it 
swims in spirals, a certain side of the animal being always 
toward the inside of the spiral ; as Biitschli says, they <' de- 
scribe rather narrow circles" (Biitschli, Flagellata, p. 853). 
These facts, of the lack of symmetry of the organism, and its 
swimming in spirals, might be thought to be facts of capital 
importance for a decision as to whether it falls under Professor 
Loeb's generalization or not ; they are nowhere mentioned by 
Garrey. It is well known that the Infusoria are prevailingly 
unsymmetrical, so that it is quite impossible for most of them 
to fall within this generalization. An attempt to apply it to one 
of the Hypotricha, for example (see figure on p. 262), where not 
only the form of the body but the structure and distribution of 
the locomotor organs are strikingly unsymmetrical, would bring 
out the absurdity of the attempt, and observation of the actual 
movements of the organisms, as detailed in the Fifth of my 
Studies,^ only accentuates the impossibility. It may be re- 
garded as axiomatic that a principle which requires the sym- 
metry of organisms cannot be applied to organisms that are 
unsymmetrical. On this account I have not previously consid- 
ered it worth while, in my Studies on Reactions, etc., to show 
the relation of Professor Loeb's well-known generalization to 
the movements of the prevailingly unsymmetrical Infusoria. 
The generalization was evidently made from a study of bilater- 
ally symmetrical animals, and may be of the greatest value for 
an interpretation of their activities ; it is obviously inapplicable 
to unsymmetrical organisms. * 

I have described the mechanism of the motor reactions of 
Chilomonas, on pp. 231-234 of the same number of the Amer- 
ican Journal of Physiology ^ as that in which Carrey's paper 
appeared. Later study of their reactions in the production of 
the aggregations described by Garrey has convinced me that 
these aggregations are produced through the mechanism of the 
described motor reaction, in a manner exactly analogous to the 
production of the similar aggregations of Paramecium in weak 

1 Amer, Journ, of Phys.^ vol. iii, p. 249. 
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acids, described on pp. 314, 315, of the Second of my Studies.^ 
This possibility is not discussed by Garrey, apparently because 
of a preconceived view that chemotropism must take place ac- 
cording to Professor Loeb's generalization above quoted. He 
says: << Jennings's motor reaction cannot account for orienta- 
tion/' and, therefore, that it has nothing to do with tropisms. 
This unsupported sweeping . denial seems a peculiar way of 
meeting such a detailed account of the production of orientation 
through the motor reaction as I have given for the thermotaxis 
of Paramecium on pp. 334-336 of the Second of my Studies. 
The general proposition that a motor reaction cannot cause 
orientation seems still more remarkable. Consider an organ- 
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ism, as in the figure, lying obliquely to the line of action of 
the incoming stimulus, which is indicated by the four straight 
arrows. Its position is at first a-a. After the stimulus has 
acted for a time, the organism is found to be oriented as shown 
at b-b^ with its longitudinal axis in the direction of the lines of 
force. Now, how can this orientation possibly take place except 
through a motor reaction.? The animal has certainly moved 
under the influence of the stimulus from the position a-a to the 
position b-by and such a movement under the influence of a 
stimulus is what is commonly known as a motor reaction.* 

1 Amer.Journ, of Phys., vol. ii, pp. 311-341. 

^ Garrey*s attempt to attribute to me the absurd idea that the principle of a 
motor reaction is new (loc, cit.t p. 313, note), is perhaps unworthy of mention. 
The comparison of the motor reaction of Paramecium with that of a muscle. 
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The essential feature of the characteristic motor reaction of 
these organisms, as I have described it, is that they turn, when 
they do turn, toward a structurally defined side, whatever the 
line of action of the stimulus. For example, the organism in 
the figure (one of the Hypotricha) turns to the right, in the 
direction indicated by the curve c-d. But evidently the organ- 
Ism may come into the position ^-* as easily by turning to the 
right as by turning to the left; in the former case it must 
simply keep turning somewhat longer. As a matter of fact, 
orientation to most stimuli occurs in the Hypotricha in exactly 
the manner illustrated — by turning to the right. This is true 
for chemical, osmotic, mechanical, and thermal stimuli ; whether 
for electric stimuli and light has not been shown. 

The precision of the orientation, and whether a large number 
of organisms will be oriented in the same way, depends upon 
the question as to what influences produce the motor reaction. 
Suppose that in the figure the stimulating agent is something 
that acts steadily in lines coming in the direction of the 
straight arrows. Now, I have shown in the Fifth of my 
Studies that many of these organisms are much more sensi- 
tive at the anterior end than elsewhere, so that a stimulus at 
the anterior end produces a different effect from a stimulus 
elsewhere on the body. When, therefore, the organism is so 
oriented that the lines of force impinge directly on the anterior 
end (position b-b)^ it will, of course, be differently affected as 
compared with a position in which the sensitive anterior end is 
wholly or partly protected by the remainder of the body. Thus 
different reactions may be caused in the two cases ; in one 
position the motor reflex may be caused, in the other not. If, 
for example, the motor reflex is caused when the lines of force 
impinge on even a small part of the anterior end, then the 
organism will not cease giving the reaction until it is oriented 
with anterior end directed away from the side of incoming 

which Garrey makes for my information, I had already developed at length to 
show their identity in character, in two papers (Atner, Joum, of Phys.^ vol. ii, p. 
339 ; Amer,Jaurn, of Psychol., vol. x, p, 513). I had counted it a chief result of 
my work that it had reduced the supposed attractions and repulsions of these 
organisms to a motor reflex " of the same order as the motor reflexes of higher 
animals," as I have expressed it elsewhere. 
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force. If a large number of such organisms are in the field of 
the force, they will soon all show a common orientation, and 
when they move they will all move in the same direction. All 
that is necessary for orientation to take place in this way is that 
the organism shall be differently affected when it is in one posi- 
tion from the way it is affected in another position. It is diffi- 
cult to imagine any agency that can cause orientation in which 
this condition is not fulfilled. 

When the organism is once oriented with reference to a con- 
stant stimulus, of course no further reaction is necessary ; it 
simply keeps up the normal forward motion until this motion 
brings it into new relations with the stimulus, when the motor 
reaction is again caused, resulting in a readjustment of orien- 
tation. In the hypothetical case above supposed, if the organ- 
ism swims in a curve instead of a straight line, it will soon 
come into a position such that the lines of incoming force 
impinge on the sensitive anterior end ; the motor reaction is 
thereby induced until the animal has come again into the 
position where the anterior end is not thus affected. 

Garrey says : " All these motor reactions have nothing to do 
with tropismsy for these motor reactions are only the expression 
of a very sudden change in the stimuli, while the characteristic 
of the tropism is the stationary condition of the stimuli." He 
fails to consider the fact that, stationary as the stimuli may be, 
the organisms with which he is dealing are not stationary ; by 
their own movements the organisms come into new relations 
with the stimuli, and these new relations may result in the 
production of the motor reaction, causing a readjustment of 
orientation. 

To summarize, the chief points which I would make in criti- 
cism of Garrey's conclusions are as follows : 

1. In all work upon the reactions of organisms to physical 
and chemical agents, it is necessary to consider the structure 
and normal activities of the organisms, as well as the nature of 
the agents acting as stimuli. 

2. Orientation such that " symmetrical points on the surface 
of the body are cut by diffusion lines at the same angle " (or 
by any other lines at the same angle) is impossible in unsym- 
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metrical organising, such as are a large proportion of the 
Infusoria. 

3. Observation of the movements of the Infusoria, both the 
unsymmetrical and the symmetrical, shows that they do not 
orient themselves even approximately in the manner above ex- 
pressed, but that they swim as a rule in spirals, and orientation 
usually takes place through a motor reflex, characterized by 
the fact that the organism, when it turns, turns toward a 
structurally defined side. 

4. A sudden change in the stimulus is not necessary to pro- 
duce a motor reaction, as Garrey has stated, for the organism 
itself, by moving, comes into new relations with a constant 
stimulus, and by these new relations the motor reflex may be 
caused, resulting in a readjustment of orientation. 

5. The gatherings of Chilomonas in drops of organic acid, 
described by Garrey, take place, according to my observations,^ 
through the mechanism of the motor reaction of Chilomonas, 
described in the Fifth of my Studies. Whether this is *< true 
chemotropism " or not depends on the definition of chemo- 
tropism. 

6. The orientation of Chilomonas takes place through this 
motor reaction, and in general it is impossible for an unoriented 
organism to become oriented except through a motor reaction 
of some sort (except where passively moved, like a dead body). 

Ann Arbor, Mich., Feb. 6, 1900. 

1 The observations on which this statement is based are detailed in a paper by 
the author in the April number of the American Journal of Physiology, 
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CONTRIBUTIONS TO THE BIOLOGY OF THE GREAT LAKES. 



A REPORT OF WORK ON THE PROTOZOA OP LAKH liRIE, WITH ESPECIAL 
REFERENCE TO THE LAWS OF THEIR M0\ HMENTS* 

By H. S. JENNINGvS, 
Instructor in Zoolof;y in Michif^an Cnivvrsity. 



The general plau of work outHiied in tlie preceding paper for a study of the Rota- 
toria in their relations to the life conditions of the lake would apply equally, with 
some changes, to the Protozoa or to almost any other group of animals. In the study 
of the Protozoa it was decided to strike at once for the heart of the matter by begin- 
ning an investigation of the laws of their activities. A typical and very abundant 
Infusorian, Paramecium vaudatum, was selected for special examination, and a study 
was made of the nature of its activities and the laws which govern them, in the hope 
that a full knowledge of such laws in the case of one Protozoan might furnish a key to 
an understanding of the activities of other members of the group, as well as, in time, 
to those of higher animals. The results of this work have already been published in 
detail elsewhere, so that a brief resume is all that will be presented here. 

The work was successful in determining the general mechanism of the reactions 
of Paramecium to changes in the external conditions, and in showing that the reactions 
are of the same essential nature in many other Protozoa. It was shown that the 
reactions of Paramecium are of extraordinary simplicity. As will be recalled by most 
biologists, Paramecium is a somewhat cigar-shaped animal, with one end narrow and 
blunt, the other broad but pointed. From the blunt end a groove passes obliquely 
along one side of the body to the middle, ending there in the mouth. The side on 
which the mouth and groove lie may be distinguished as the oral side; the opposite 
side (on which the contractile vacuoles lie) as the aboral side. The entire surface of 
the animal is covered with cilia, by means of which it moves. As it more usually moves 
in the direction of the narrower, blunter end, that may be called the anterior end, the 
other the i)osterior end. 

In what might be called the normal condition of afl'airs all of the cilia strike 
backward, so that the animal moves forward; at the same time it revolves on its long 
axis. Now, when a change is produced in the environment of the Paramecium, such 
as by it striking against an obstruction or passing into water of different chemical 
content or different temperature, the normal activity is modified in one of two ways: 

1. If the Paramecium comes in contact with a solid body of a loose fibrous 
texture, its activity is decreased; the cilia on the surface of the body cease their 

* The papers in this series are based on investij^ations of the 17. S. Fish CommisHion under direc- 
tion of Prof. Jacob Reighard, of the University of Miehi«ran. The following have already appeared: 

The Mechanism of the Motor Reactions of Paramecium. <Am. Jour. Plivsiolocrv, v^d. ii. dd. 
311-341. ^ **^ 

Laws of Chemotaxis in Paramecium. <Ani. .Tour. PhyHiology, vol. ii, pp. 3.5,5-:^79. 

105 
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movement, while those in tlie oral groove and the gullet continue a(*.tive. As a con- 
sequence locomotion ceases; the animal conies to rest against the solid body, while 
the cilia of the oral gr(K)ve continue to drive a stream of water to the mouth. This 
reaction to a solid body may be called thigmotaxis. If the loose solid body is a mass 
of bacterial zoogki^a, the stream of water carries numbers of bacteria to the moath, 
where they pass into the internal proto])lasm of the animal and are digested; thus 
Paramecium gets its food. But the animal conducts itself in exactly the same way 
toward other loose fibrous bodies, such as bits of cloth, paper, sponge, or the like, the 
presence or absence of material that will serve as fo(Kl having nothing to do with the 
production of the reaction. On the other hand, the substances held in solution in 
the water have a marked effect on the tendency of tbe Taramecia to react in the 
manner above dcvscribed. If the water is faintly acid in reaction, the Paramecia are 
much more inclined to come to rest as just described. This is especially noticeable in 
water containing carbon dioxide. The presence in the water of an alkali in solution 
has, on the other hand, precisely the opposite effect, tending to inhibit the thigmotactic 
reaction. 

2. Any other change in the conditions, of such a nature as to act as a stimulus, 
causes a definite change in the movements, which is of a stereotype<l charai^ter, being 
of the same nature for almost every stimulus. When stimulated, Paramecium swims 
backward, turns toward its own aboral side, then swims forward again. The same reac- 
tion is produced by stimuli of the most varied kinds — by acids, alkalis, nnd neutral salts, 
by heat, by cold, by mechanical shock. The reaction is the same whether the stimulus 
first aft'ects the anterior end, the posterior end, one side, or the entire surface of the 
animal at once. The direction in which the animal swims has thus no relation to the 
localization of the stimulus. If the stimulus comes from the anterior end, swimming 
backward of course carries the animal away from it; if the same stimulus comes from 
the posterior end, swimming backward carries the animal toward it. If an injurious 
chemical substance difiuses in such a way as to first come in contact with the posterior 
end of a resting Paramecium, the latter therefore swims backward directly into the 
substance and is killed. The turning is likewise without relation to the position of 
the stimulus. The animal always turns toward its own aboral side, so that the 
absolute direction in which it turns depends ui)on the chance position of the aboral 
side when the turning begins. As the animal continually revolves, both when swim- 
ming forward and when swimming backward, it is impossible to predict in which 
direction the aboral side will lie after the animal has swum backward a distance from 
its position when stimulation occurs; and observation shows that when Paramecium 
strikes on one side against an obstruction, it is fully as likely to turn toward the 
obstruction, after swimming backward, as to turn away. In the former case it of 
course strikes the obstruction again ; the whole reaction is then repeated. Owing to 
the continual rotation on the long axis, the aboral side will probably be in a new 
position next time, so that the animal will turn in a new direction. If this repetition 
is continued, the Paramecium is certain finally, by the laws of chance, to avoid the 
obstacle. 

The factors determining the direc^tion of motion in Paramecium are thus internal; 
the direction of its movements has no relation to the position of external objects. This 
result is of fundamental significance for interpretation of the movements of these 
creatures, and throws a flood of light on many of the phenomena of their life. Study 
of some other Infusoria in the light of the result on Paramecium has shown that the 
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same is tme for these. Spirostomum amhiguum wbeii stimulated contracts, swims back- 
ward, turns toward the aboral side, and swims forward. If touched with a spicule of 
glass at its anterior end it swims backward, away from the glass; if touched at the 
posterior end it likewise swims backward, therefore toward the glass. Stentor poly- 
morphus when stimulated contracts, swims backward, turns to the right, then swims 
forward, the direction of motiou having, as in the other cases, no relation to localization 
of the stimulus. Similar results, not yet published in detail, have been obtained with 
certain Flagellata, as well as with other Ciliata.* 

Besides determining the general mechanism of the reactions of Paramecium, an 
extended study was made of the effects upon its activities of different chemicals. If 
into a preparation of Paramecia mounted upon the slide a drop of some chemical 
substance in solution is introduced, the Paramecia may either collect in the drop or 
leave it entirely empty. In the former case they show positive chemotaxis to the 
snbstance; in the latter case, negative chemotaxis. As to what might be called the 
mechanism of chemotaxis, the following was made out. The Paramecia are not 
attracted by the drop of substance into which they gather. They may graze the very 
edge of the drop without swerving a particle from their course so as to pass into it. 
But Paramecia when first brought upon the slide swim rapidly in every direction, so 
tliat many will quickly come by chance against the edge of such a drop. They do not 
react, but swim straight ahead — the substance in the drop not acting as a stimulus to 
produce the motor reaction above described. But on passing across the drop, the 
outer fluid does, after the Paramecia have been in the drop of the chemical, act as a 
stimulus to produce the motor reaction. The Paramecium therefore, on coming to 
tlie outer edge of the drop, swims backward, thus returning into the drop. It then 
turns toward the aboral side and swims forward (in accordance with the general 
scheme of reaction above described). It thus comes to the outer edge of the drop once 
more; reacts again, and this being kept up, is continually prevented from crossing the 
boundary of the drop into the surrounding water. The same process is repeated for 
many Paramecia, until in time tlie drop swarms with the Infusoria, so that they 
appear to have been attracted into it. 

In case of a substance in which the Paramecia do not collect at all, observation 
shows that the motor reaction (swimming backward, turning, and swimming forward) 
is produced when the Paramecia come against the drop from the outside; hence they 
are prevented from entering and the drop remains empty. 

It was found possible to classify chemical compounds thus into two classes. On 
the one hand may be placed together tliose which do not produce the reaction when 
the Paramecia enter them, but throw the animals into such a physiological condition 
that they do react when they pass out of a drop containing the substance in question. 
In these the Paramecia, therefore, gather and are said to be i)ositively chemotactic 
toward them. On the other hand sire substances which produce the motor reaction as 
soon as the Paramecia come in contact with them, so that the animals do not enter 



* The reactioDS of a large number of Protozoa have been studied since the above was written. In 
all of these the direftiou of turuirif^ was found to be determined entirely by internal factors, and to 
ha\ e no relation to the position of the source of stimulus. The direction of motiou alontr the body 
axis, on the other hand, was found in a num1>er of caseH, for mechanical stimuli, to be deteriiiinod by 
the localization of the stimulus. Loxodes rostrum^ for example, when touched with a glass rod at the 
.interior end swims backward ; touched at the posterior end it swims forward. For chemical stimuli, 
however, the absence of any such dependence of the direction of movement on the localization of the 
stimnlus was demonstrated. For details, see a paper by the author on " The movements and moto] 
reflexes of the Flagellata and Ciliata/' in the American Journal of Physiology, January, 1900. 
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solutions of these eompomids Sit all, and may be said to be negatively cliemotac;tic 
toward them. 

In the former group (substances toward which the Paramecia show positive cbem- 
otaxis) belong all acids, and salts whose solutions have an acid reaction or contain 
hydrogen ions, as in salts of the heavy metals. In the group of substances toward 
which the Paramecia are negatively chemotactic belong all alkalies and substances 
having an alkaline reaction, as well as almost all compounds which contain ions of 
the alkali and earth alkali metals in their solutions. Certain substances take an 
intermediate place. Containing the ions of an alkali or earth alkali metal, they pro- 
duce the motor reaction when the Paramecia enter a drop of fluid containing them; 
but having likewise hydrogen ions, they also cause the animals to react when they leave 
the drop. Examples of such substances are potassium and ammonium bichromate. 
In these cases the hydrogen ions seem to be active (in their characteristic way) in a 
more dilute solution, and, therefore, farther from the center of a diffusing drop than are 
the ions of the metals. The Paramecia, therefore, enter the outer margin of the drop 
and are unable to leave it, wliile at the same time they are unable to pass to the center 
of the drop. They thus gather in a ring about the drop, leaving the center empty. 

The classification of substances into those toward which the Paramecia are 
positively chemotactic on the one hand and those toward which they are negatively 
chemotactic on the other, thus follows the lines of a chemical classification; the 
former including acids, the latter alkalies and salts of the alkali and earth alkali 
metals. 

Experimentation showed that the relative injuriousness of solutions has compar- 
atively little to do with the nature of the chemotaxis. Paramecia are repelled strongly 
by many substances that are scarcely injurious at all, while they enter without 
hesitation other substances in which they are at once killed. The repellent powers of 
different chemical compounds are in no way proportional to their injurious effects. 

The researches on chemotaxis have thus far been restricted almost entirely to 
Paramecium, but the general laws obtained for this animal promise to throw much 
light on related phenomena in others. 

As described above, positive and negative chemotaxis, or the collecting in or 
avoidance of certain chemicals, takes place through the mechanism of the general 
motor reaction first described. The only activity of the Paramecia concerned in it all 
is the swimming backward, turning toward the aboral side, then swimming forward, 
when stimulated. The qualitative differences that seem apparent in their reactions 
toward different su])stances depend merely npon what does and what does not act as 
a stimulus. 

The mechanism of collecting in or avoiding agencies or conditions, other than 
chemical, is exactly the same as that just described. In the case of temx)erature, for 
example, certain grades of heat or cold produce motor reaction, so that the Paramecia 
do not enter these; or, if already within a zone of such temperature, they continue 
moving about violently till a chance movement carries them into a region where the 
temperajiure is not such as to cause a reaction; there they remain. In general, there- 
fore, the Paramecia gather and remain in substances or conditions which do not cause 
the motor reaction, while they leave emi)ty such substances or conditions as do cause 
their one motor reaction. It follows that they collect in regions of a certain tempera- 
ture, avoiding great heat or cold, and that they collect in water holding in solution 
substances of an acid character, avoiding alkaline solutions. Under natural con- 
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ditions, their collecting into regions acidulated by carbon dioxide excreted by 
themselves is particularly noticeable. It results in bringing the Paraniecia together 
in dense swarms. To tbis is to be added, as a second factor in bringing the Paramecia 
together, the fact that contact with solids of a loose fibrous texture likewise tends 
to quiet the Paramecia, so that they collect about such solids. In the fluids in which 
the Paramecia live, such solids are present as masses of bacterial zoogl(i»a, upon which 
the Paramecia will usually be seen to be collected in swarms. 

The ordinary life of a Paramecium may then be summarized somewhat as follows: 
In the free water, as long as the animal is unstimulated, it swims forward in a spiral 
course, revolving on its long axis. But it conies in contact here and there with changes 
in the environment — regions of higher or lower temperature, or of greater or less 
amounts of certain chemicals in solution, or with mechanical obstructions. If these 
changes are of such a nature as to act as a stimulus, the Paramecium thereupon swims 
backward a short distance, turns toward one side (in a direction which is an entirely 
random one so far as outer objects are concerned) and continues forward. This 
reaction is repeated as often as the Paramecium comes in contact with any source of 
stimulus. Cei-tain solutions or conditions cause no reaction. Thus the Paramecium 
may pass by chance into a group of other Paraniecia, where the water is charged with 
carbon dioxide, which they have excreted. Now, the surrounding water containing 
no carbon dioxide causes the reaction, so the Paramecium remains with the others. 
Or, if it comes in contact with a loose, soft body it stops, only the oral cilia continuing 
to be active. These constantly carry a stream of water to the mouth, and if the solid 
is by chance a bit of bacterial zoogloea, this stream carries many bacteria into the 
mouth of the animal, so that they serve as food. But if no bacteria are present, the 
Paramecium nevertheless remains indefinitely against the bit of solid, especially it' 
joined by other individuals, so that they are in a region containing carbon dioxide 
(excreted by themselves). 

This resting cjondition may be brought to an end by too high or too low a temper- 
ature, by the diffusion of an alkali into the water, or by various other conditions that 
tend to produce a motor reaction. The Paramecium then continues on its way in some 
chance direction till it comes again into conditions which do not act as a stimulus. 

Thus the life of the animals is extremely simple; they have but one mode of 
reaction to outer conditions — by swimming backward, turning, swimming forward — 
while under other conditions their activity largely ceases. 

It is obvious that such simple activities, while they do result in keeping Paramecia 
oat of certain conditions and bringing them into others, would not be adequate for 
preserving the animals under complicated and changing conditions. The Paramecia 
show no indication of intelligence or even of choice, reacting to everything in the 
same manner, if they react at all. They have no power of adapting their actions to 
their needs. Chance is the main factor in bringing the Paramecium into proper 
conditions and giving it food, and if the chances are not favorable the animals must 
soon die. This agrees perfectly with the facts observed in cultures of these and 
similar animals. So long as the conditions are exactly right — bacterial zoogloea 
covering everything, so that the Paramecia can not miss it, and the chemical condition 
of the water entirely favorable — the animals swarm and multiply by thousands. A 
shght change occurs in the conditions, and soon scarcely a Paramecium is to be found, 
though a few hours previously the water was milky with them. As in the case of 
plants, the proper conditions are the chief requisite for growth and multiplication; 
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these infusoria appear and disappear in tbe culture jar about as the lower algie do. 
The i)Ower of movement, regulated in the simide manner above described, is correlated 
with the fact that, unlike plants^ they live upon solid food (bacteria) and are therefore 
more likely to get this food if they can move about here and there. But the bacteria 
must be abundant in any case, for the Paramecia have no i)ower of searching for them, 
or of choosing them rather than any other substance. 

In future work it is hoped to determine how far the results gained on Parame- 
cium are applicable to the Protozoa as a class, as well as to extend these researches 
to higher groups, building upon the foundation obtained by ti study of these lowest 
organisms. In this way it is hoped that the laws which govern tlie movements and 
migrations of animals, the causes of their api^earance and disa[>pearance at certain 
places or under given conditions, and in fact much of their relations to the conditions 
surrounding them in the lake, may in time be made out. It is the belief of the writer 
that this is the most direct and certain way of unraveling the complicated network of 
relations which make up the life of the lake. 

In addition to the study of the reactions of the animals above summarized, some 
faunistic work was carried on. An examination was made of the waters on and about 
South Bass Island, with the purpose of determining the abundance and general char- 
acter of the Protozoan fauna. The swampy waters of this region were found to 
swarm with Protozoa of all sorts, offering unlimited supplies of material for work on 
the group in experimental or other lines. Unfortunately, the literature was not at 
hand for complete identification of all the species observed, so that critical systematic 
work, of the sort done on the liotatoria, could not be carried on for the ProtozoH. 
Only those could be positively identified that agreed completely with species described 
in the standard works on the Protozoa — Leidy's Rhizopoda^ Kent's Manual of the 
InftLSoria^ Biitschli's Protozoen^ Eyferth's Die einfachsten Lehensformen des Thier-und 
PJlanzenreiches, Blochmann's Die mikroskopische Thiericelt des SiiBswassers^ Pritchard's 
Infusoria^ Ehrenberg's Die Infusionsthierchen ah volkommene Organismenj etc, 

The following list therefore contains the names of such species only as could be fully 
identified, and comprises thus but a fraction of the Protozoan fauna of the region. It 
is given in order to show something of the character of the abundant Protozoan fauna 
of these waters, as well as to point out forms that are of especial interest as favorable 
objects for investigation. Especial attention was paid to forms which from their size, 
or from the possibility of securing them in great abundance, promise to be particularly 
favorable for experimental work. 
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LIST OF SOME OF THE PROTOZOA FOUND IN THE WATERS ABOUT SOUTH BASS 
ISLAND, IN LAKE ERIE, DURING THE SUMMER OF 1898. 

The waters examined were the same as those mentioned in the account of. the 
Rotatoria. The list inclades 68 species^ distributed among the different groups as 
foUowB: Ehizopoda 13, Eeliozoa 1, Mastigophora 21, Oiliata 32, Suctorial. 

RHIZOPODA. 

1. AmoBba proteua Leidy. Taken in a water-bottle collection from the upper 3 feet of the surface 

of Lake Erie, 1 mile west of South Bass Island ; also on Elodea from East Harbor and in the 
swamps on South Bass Island. 

2. AmcBba villosa Wallich. In the water-bottle collection from the upper 3 feet of the water of 

Lake Erie, 1 mile west of South Bass Island. 

3. Amceba radioaa Ehrenberg. In the water-bottle collection from the upper 3 feet of the water 

of Lake Erie, 1 mile west of South Bass Island; also on Elodea from East Harbor, Lake Erie. 

4. Pamphagiis hyalinus Ehr. In surface towings in Put-in Bay Harbor, Lake Erie. 

5. Cochliopoditim bilimbosum Auerbaoh. In water-bottle collection from upper 3 feet of water 

of Lake Erie, 1 mile west of 8onth Bass Island; aLso on Elodea from East Harbor, Lake Erie. 

6. Difflugia lobostoma Leidy. In towings in Put-in Bay Harbor, Lake Erie; also from East Swamp 

on South Bass Island. 

7. Difflugia corona Wallich. In surface towings from Put- in Bay Harbor, Lake Erie; also from 

East Harbor, Lake Erie; from Portage Kiver, Ohio, and land-locked pools on Starve Inland. 

8. Difflugia globulosa Duj. In water-bottle collection from the surface 3 tcet of Lake Erie, 1 mile 

west of South Bass Island; from surface towings in Put-in Bay Harbor; from East Harbor, 
and from the swamps on South B«a8s Island. 
S. Difflugia constricta Ehr. In Utricularia from Portage River, Ohio.' 

10. Difflugia pyriformia Perty. In the swamp near the fish-hatchery on South Bass Island; in 

Vtricvlaria from Portage River, Ohio. 

11. Arcella vulgaris Ehr. In surface towings in Put-in Ba>' Hurbor, Lake Erie; in East Harbor on 

Elodea; in the swamps on South Bass Island; from Portage River, Ohio. 

12. Centropyzis aculeata Stein. In swamps on South Bass Island. 

13. Euglypha alveolata Duj. Swamps on South Bass Island. 

HBLIOZOA. 

14. Acanthocystis chastophora Schrank. In plankton haul from Lake Erie, just west of South 

Bass Island ; on Elodea from East Harbor, Lake Erie. 

MASTIGOPHORA. 

15. Oikomonas termo J. Clark. Abundant on floating floccose material on the surface of Lake Erie, 

northeast of North Bass Island. 

16. Anthophysa vegetans Miiller. On Elodea from East Harbor, Lake Erie; from swamp on South 

Baas Island. 

17. Dinobryon sertularia Ehr. On vegetation from East Harbor, Lake Erie. 

18. Euglena viridis Ehr. In water-bottle collection from upper 3 feet of Lake Erie, taken 1 mile 

west of South Bass Island. Abundant in swampy parts of East Harbor, Lake Erie, and in 
the swamps on South Bass Island. 

19. Euglena spirogyra Ehr. East Swamp, South Bass Island ; Portage River, Ohio. 

20. Euglena oxyuris Schm. East Swamp, South Bass Island. 

21. Amblyophis viridis Ehr. East Swamp, Soath Bass Island. 

22. Colacinm steinii Kent. On Diaptomus sp. in surface towings from Lake Erie. 

23. Colacium veaiculosum Ehr. On Cyclops in towings taken 2^ miles north of Kelley Island, in 

Lake Erie; on Polyarihra platypiera and various crustaceans in swamps on South Bass Island. 

24. Trachelomonas hiapida Perty. In East Swamp, on South Bass Island ; from Portage River, Ohio. 

25. Trachelomonas volvocina Ehr. Amid filamentous algie from East Harbor, Lake Erie; from 

Portage River, Ohio ; from swamps on South Bass Island. 
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26. Trachelomonas aspera Ehr. Swauip on South Bass Islautl. 

27. Trachelomonas armata Ehr. In aquatic ve^retatiou from East Harbor, Lake Erie, and from East 

Swam)) on South Bass Island. 

28. PhacuB longicaudus Ehr. From East Harbor. Lake Erie, and from swampK on South Bass Island. 

29. Phacus triqueter Ehr. Eant Harbor, Lake Erie, and East Swamp, South Bass Island. 

30. Astasia trichophora Ehr. On Elodea from East Harbor, Lake Erie. 

31. Entosiphon sulcatum I)uj. In jar of decaying \elumho lutea tvom East Harbor, Lake Erie. 

32. Synura uvella Ehr. East Swamp, South Bass Island. 

33. Chilomonas Paramecium Ehr. Abundant in decaying water-plants from any part of Lake Erie 

or the swamps on South Bass Island. This is one of the species that can always be procured 
in unlimited quantities at any time. 

34. Monoslga steiuii Kent. On stems of Epistiflw jdicatilia from East Swamp, South Bass Island. 

35. Peridinium tabulatum Ehr. In water-bottle collection from upper 3 feet of Lake Erie, 1 mile 

west of South Bass Island; also in a<iuatic plants from East Harbor, Lake Erie, and from the 
swamps on South Bass Island. 

CILIATA. 

36. Trachelocerca olor O. F. M. In Vtricularia from Portage River, Ohio. 

37. Coleps hirtus Ehr. Swamp near fish-hatchery on South Bass Island. 

38. Amphileptus meleagris Ehr. lu aquatic plants from East Harbor, Lake Epic. 

39. Amphileptus margaritifer Ehr. In aquatic vegetation from Put- in Bay Harbor and East 

Harbor, Lake Erie. 

40. Lionotus fasciola Ehr. In aquatic plants from East Harbor, Lake Erie. 

41. Loxophyllum meleagris Ehr. On MifiiophyUum from East Harbor, Lake Erie. 

42. Tracheliua ovum Ehr. On Vtricularia from Portage Kiver, Ohio. 

43. Dileptua anaer O. F. M. On ar^uatic plants from Put-in Bay Harbor, Lake Erie, and the swamps 

near the fish-hatchery on South Bass Island. 

44. Nassula ornata Ehr. East Harbor, Lake Erie; Portage River, Ohio; East Swamp, South Bass 

Island. 

45. Glaucoma acintillans Ehr. Common in cultures of decaying lake plants. 

46. Colpidium cucullua Schrank. Abundant in infusions of decaying Ceratophyllum from the bottom 

of Put-in Bay Harbor, Lake Erie. 

47. Paramecium caudatum Ehr. Abundant in cultures of decaying lake plants from the bottom of 

Put-in Bay Harbor, Lake Erie. See pp. 105-110 for an account of the laws of the movements 
of this animal. 

48. Uroceutrum turbo O. F. M. Abundant in decaying Ceratophyllum from the bottom of Put*in 

Bay Harbor, Lake Erie; also in water ixom East Swamp on South Bass Island. 

49. Cyclidium glaucoma Ehr. In jar of decaying Nelumho lutea from East Harbor, Lake Erie ; many. 

50. Spirostomum ambiguum Ehr. East Harbor, Lake Erie, and the swamps on South Busa Island. 

51. Buraaria truncatella Mtiller. This enormous infusorian was common in the swamp near the fish- 

hatchery on South Bass Island. 

52. Stentor caeruleuB Ehr. In aquatic vegetation from East Harbor, Lake Erie, from Portage River, 

Ohio, and the swamps ou South Bass Island. 

53. Steutor igneus Ehr. In Elodea from East Harbor, Lake Erie. 

54. Strombidium turbo C. and L. In decaying Siiella from East Harbor, Lake Erie. 

55. Halteria grandiuella Mtiller. Manyiu Utricularia from Portage River, Ohio. 

56. Tintinnopsia cyliudrica Daday. An ^mpty shell of what appears to be this sx>ecies, recently 

described by Daday, was taken in the water-bottle collection from the upper 3 feet of Lake 
Erie, 1 mile west of South Bass Island. 

57. Codonella cratera Leidy. In towings from Put-in Bay Harbor, Lake Erie. This seems to be 

the same as the European Codonella lacustris, but Leidy's name has the priority. 

58. HoloBticha mystacea Stein. In the water-bottle collection from the upper 3 feet of. Lake Erie, 

1 mile west of South Bass Island. 

59. Uroleptus musculua Miiller. Few in decaying Nitella from East Harbor, Lake Erie. 

60. Ozytricha fallaz Stein. Common in decaying Ceratophyllum from the bottom of Put-in Bay 

Harbor, Lake Erie. 
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61. Trichodina pedlculus Ehr. On IHaptomus from towings in Put-in Bay Harbor; (»n Hydra from 

East Harbor, Lake Erie. 

62. Vorticella convallaria L. Very abundant on sAgin from East Swamp, South Bass Island. 

63. Vorticella chloroatigma Ehr. Formiug large green patches visible to the naked eye, on the 

vegetation from East Swamp, South Bass Island. 

64. Vorticella rhabdostyloidea Kellicott. Common on Anabama in towings from Lake Erie. 

65. Zoothamnium arbuscula Ehr. In surface towings in Put- in Bay Harbor, Lake Erie, attached to 

floating matter. 

66. Epistylis plicatilia Ehr. Abundant on Chara from East Swamp, South Bass Island, in company 

with Megaloirocha alhoflavicans. 

67. Vaginicola cryatallina Ehr. On aquatic plants from East Swamp, South Bass Island. What 

seemB the same form is often found on Fragillaria in towings trom Lake Erie; these specimens 
are always much smaller, however. 

SUCTORIA. 

68. Adneta myataclna Ehr. On floating floccose material taken with the tow net in Put-in Bay 

Harbor, Lake Erie. 

While the fauna inhabiting the plants of the bottom and about the shores of this 
part of I^ake Erie is very rich in Protozoa, both in the number of species and of 
individuals, the open waters of the lake contain very few. Though 22 species are 
iticluded in the list, as taken from the waters of the lake away from shore, most of these 
were present in very small numbers, and none were abundant. The species of the 
foregoing list found in the open waters of the lake, and on that account apparently 
to b& considered limnetic, are the following: 

Amoeba proteus. Acanthocystia chcetophora. Holosticka myatacea. 

Anueba villosa. Oikamonas termo, Trichodina pedionlu^, 

Amosba radiosa, Euglena viridis. Vorticella rhabdoatyhides. 

Pamphagus hyalinua, Colacium steinii, Zoothamnium arbuscula, 

Cochliopodium bilimbosum. Colacium veeiculosum. Vaginicola ci^yatallina (f ). 

Difflugia corona, Peridinium tabulatum. ' Adneta myataoina, 

DiJlJUugia globnlosa, Tintinnopaia cylindrioa, 

Arcella vulgaria. Codonella cratera. 

This list includes a number of species not usually recorded from open-lake waters; 
these are chiefly due to Professor Reighard's collections with the water bottle, which 
were made as follows: A large corked bottle was sunk in the lake to the desired 
depth, the cork pulled from the mouth, and the water allowed to fill the bottle. The 
water thus secured was then filtered, so as to prevent the escape of even the most 
minute organisms. Collections were thus made from the open lake 1 mile from any land, 
where the water was 6 fathoms deep. Water was taken from the surface layer not 
more than 3 feet below the surface. Collections so made contained regularly a number 
of minute Protozoa not usually accounted limnetic, namely: 

Amteha proteua. Cochliopodium bilimboaum, Peridinium tabulatum, 

Amccba villoaa, Diffiugia globuloaa. Tintinnopaia cylindrica (only once). 

Amteba radioaa. Euglena viridia (once). Holoaticha myatacea. 

The list is remarkable especially for the three species of Amceba and one of 
Cochliopodium. These rhizopods are very minute, and would be lost by the usual 
methods of collecting. Continued thorough plankton work of the sort carried on by 
Professor Reighard may show that these are proper members of the limnetic fauna. 

Diffltigia globulosa was one of the very commonest limnetic forms in all sorts of 
collections from the open lake. 

F. C. B. 1899—8 
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The passive limnetic forms incladed in the preceding list are: 

Oikomonas termo, on floating floccose material. Zoothamnium arbusculaj on floating material. 

Colacium attintif on Diaptomus. Vaginicola crystalliiia (f) on Fragillaria. 

Colacium vesiculoaumj on Cyclops, Acineta myatacina, on floating floccose materiaL 
Vorticella rkahdoatylMdeSi on Anahcena. 

Jhe following species may be noted as of special interest because of their fitness 
as objects of investigation in experimental or other lines: ^ 

Chilomonds Paramecium is a flagellate form that can always be procured in unlim- 
ited numbers by simply allowing the aquatic plants to decay in jars. The necessity 
for large numbers in carrying on experimental work needs no emphasis. The ease with 
which a Protozoan can be cultivated in the laboratory is almost the most important 
element in its availability for investigation. 

The species of Euglenaj Pha^usj and Trachelomonas are always to be had in large* 
numbers from East Swamp, South Bass Island. 

Trachelius ovum^ Bileptus anser^ and Nassula ornata are ciliates which are valuable 
for certain sorts of work on account of their large size. The same is true to a more 
pronounced degree of Spirostomum ambiguum, and especially of Bursaria tfuncatella* 
The latter is an enormous creature for a unicellular animal, being a millimeter or more 
in diameter. It could thus be handled in the same individual way as many of the 
large Metazoa. This animal was always procurable in small numbers from the swamp 
near the fish-hatchery on South Bass Island. Doubtless a little experimentation would 
discover a means of cultivating them in large numbers. Perhaps there is no 6ther 
Protozoan that would be so favorable an object for an investigation into the effects of 
localized stimuli and into the quCvStion of the localization of functions in the Protozoan 
body or related problems. 

Other ciliated that could always be procured in large numbers are Glaucoma 
scintillansj Golpidium cucullusj Paramecium caudatum, Urocentrum turbo, Cyclidium 
glaucoma, and Vorticella convallaria. 

For Ehizopoda, three species of Difflugia — D, globulosa, I), lobostoma, and D. 
corona — are particularly abundant and might be used for work on this group. Cul 
tures properly managed usually resulted in obtaining large numbers of various species 
of Amcsba. 

Species of Volvox, Eudorina, Pandorina, etc., swarm in East Swamp, South Bass 
Island; they are not included in the foregoing list. A study of the physiology of 
these creatures, transitional as they are between Protozoa and Metazoa, promises 
much of interest. 

Dartmouth College, Hanover, N. H., May 25, 1899. 
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Chapter 2 

SENESCENCE AND DEATH IN PROTOZOA AND 
INVERTEBRATES 

H. S. JENNINGS 
Baltimore 

1. PROBLEMS IN THE STUDY OF PROTOZOA 

The qye^tions which arise in the study of ageing and death in the 
Protozoa are mainly the following: 

Does life in single cells involve decline, senescence, death? Does 
to live mean eventually to wear out, and to accumulate waste products 
that produce decline and death, even when it occurs in but a single ^ 
cell? 

Or is the life of single cells so carried on that wear is repaired as if \ 
occurs and wast« products eliminated as they are produced, so that ! 
their life may continue without end? Are senescence and death phe- I 
noinena that have taken origin only as organisms became multicellular I 
and differentiated? Are they the consequence of division of labor, | 
specialization, and interdependence among the cells of a multicellular ' 
organism, as many have held? What is the nature of the processes i 
of repair that imderlie the long-continued life of many unicellular 
organisms? i 

In \iew of the nature of the life cycle of the Protozoa, the age prob- 
lem here has a two-fold bearing: 

(1) The individual is a free cell, which performs all the fundamental 
operations of life. Does ageing play a r61e in the life of such a single 
individual? 

(2) More iini)ortant is the following. The single cellular individual 
as a rule tloes not as such die; instead it grows and divides into two 
individuals. This continues, so that chains of free individuals are pro- 
duced, stretching for many cell generations. These are interrupted at 
long intervals by the union of two individuals in sexual reproduction. 
After this, the chain of free individuals continues. In relation to this, 
the question arises: Does the chain of successive living cells, through 
the processes of living, gradually become senescent in its later hnks, ^ 
that it declines and finally dies, unless something intervenes to save it? 

These two asp<'cts of living in free cells will be considered separately. 

32 
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2. LIFE OF INDIVIDUAL PROTOZOAN 

The single individual is produced by the division into two of an earlier 
individual. The parent has a typical differentiated structure, in many 
cases with typically arranged motor appendages (figure 6). The typical 
structure is necessarily altered and disordered by the division of the 
individual, so that the new individuals produced are not like the parent. 
But developmental processes occur by which the new individuals assume 
the same t>T)ical structure that was present in the parent. This 
development involves an extensive reorganization of the body. In 
cases in which the parent has complexly arranged appendages, these 
appendages are commonly absorbed and disappear during fission, while 






B 



Fig. 6. Division with reorganization in the infusorian Stylonychia, after VVallen- 
gren (1901). (A) Parent before reproduction. (B) Appearance of two groups of 
small projections that are to form the appendages of the two oflFspring. (C) 
Division: the two groups of embryonic appendages are spreading out to take 
thf^ir final positions, while the old appendages have not yet disappeared. 

at the same time many other bodily differentiations disappear. The 
t^-pical structure and appendages are then developed anew in each of 
Ihp new individuals. The details of this reorganization differ in dif- 
ferent species; it appears to be less complete in species having a less 
highly differentiated structure. 

This reorganization involves the nucleus of the cell, as well as the 
cpH body. In the higher Protozoa, — the ciliate infusoria, — the nucleus 
is in two parts (originally derived from one). One is the very large 
nmcronucleus, the other the minute micronucleus (see fig. 7). It is 
the large macronucleus that participates in metabolism, growth and 
other activities of the cell, while the micronucleus is a reserve part, 
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having little relation to the cellular processes except to maintain its 
own exi8tc'n<*e, and to produce new macronuclei. 

At fission, both nuclei divide. During the process the macronucleus 
is in many cases known to be extensively reorganized. In sonne ca^^a 
portion of \\w macronucleus is eliminated and dissolved (fig. 8). In 
other cases a visible "reorganization zone'' begins at a definite spot and 
traverses the nitire nucleus, changing its structure (fig. 9). At th 
same time it sc^ems probable, as has been suggested, that certain m 
terials are eliminated, perhaps in a liquid condition. 
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Fic;. 7. Tht" infusorian Paramecium caudalum^ after Wenrich (1928), from 
KalmuK (1931), showing the large macronucleus (wo) and the small micronuclpus 
[Stylniiyrliiiil {mi). 

For acrounts of such reorganization phenomena the following recent 
papers rniiy f^e consulted: Kidder, 1933; Calkins, 1934; Kidder and 
Diller, 1934; Tittler, 1935; Summers, 1935. An excellent illustrated 
and (if^ailod account of these and other matters relating to ageing and 
rejuvenestrnte in Protozoa will be found in Calkins* Biology of tk 
Protozoa (2ntl edition, 1933). 

Thus aft(*r fission the newly produced individuals have been com- 
pletely reorganized, both inwardly and outwardly; they are "young" as 
compared with the parent. Certain physiological changes as the in- 
dividual recedes from youth have been revealed by studies of regenera- 
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ion. But these are the reverse of what might at first l>e anticipated, 
^vealing the peculiar nature of individual life in these organisms. 
[IJalkins (1911) found that in Ur onychia there is no regeneration if 
Mirts are removed in "young" individuals immediately after fission, 
md ver>' little if they are removed later during "adult" life. But if in 
*old" individuals that are getting ready to divide, parts are removed, 
iey are fully regenerated. The end of the individual life is here not 
ieath, but division into two, and this is preceded by an increase of 




Fig. 8. Division of the macronucleus in Ancistruma, with extrusion of a cen- 
tral portion which is later absorbed and disappears. The small round bodies 
above and below are the micronuclei. After Kidder (1933). 

growth energy instead of by senescence. However, such greater re- 
generative power just before division appears to l)e absent in some 
species (in Spathidium, according to Moore, 1924). 

Under some unfavorable conditions the individual cell may undergo a 
reorganization without division. This occurs as a rule (but not ex- 
clusively) in connection with encystment. Conditions that induce 
encystment and reorganization are, in different cases, the following: 
n^eehanical injuries to the cell, drying, lack of food, increase of salt 
jlfonn^nt in the water, the presence of excretion products, and the like. 
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The first stc^p in such a reorganization is a dedififerentiation of the c}'to- 
plasmic stnittures. The conspicuous buccal groove disappears, the 
motor appendages are absorbed, and the cell takes a spherical form, 
appearing :i8 im undifferentiated mass containing the nuclei. Usually 
this spherieal mass secretes a wall about itself, becoming thus a cystri 
which IK resistant to drying and to other injurious conditions. De- 
differentiation in the large and complex unicellular form Bursaria ]s 
describetl in detail by Lund (1917). 

Within the cyst thus formed there occurs in many cases a reorgan- 
ization of the nuclear apparatus. In its most pronounced form, this 
includes the breaking up and dissolution of the macronucleus and its 
replacement b\ a portion of the micronucleus. The latter divides, one i 
part enlarging to become a macronucleus, another part remaining in 
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Fig. 9. 8iic'c*'«8ive stages in the reorganization of the horse-shoe shaped macro- 
nucleus at divifliim in Aspidisca lynceus, after Summers (1935). Before division 
two '*reorgaiiiisatitjn bands" appear near the middle of the horse-shoe; these 
traverse the hurm-shoe in each direction to its tips, inducing a thorough reorgan- 
ijEation of the nucleus. 

re^^rv'e a.s a micronucleus. Such a reorganization of the nucleus k 
known in many cases; it is called endomixis. In some eases no such 
pronounced nii(4ear reorganization occurs in the cyst. The detailed 
nuclear changes during encystment are in need of extensive study. 

Under fa%'yrable conditions the undifferentiated cyst is awakened to 
active life, Redififerentiation occurs; the typical structures and ap- 
pendages are again produced, the cell escapes from within the cyst wall 
and rpsuines its free existence. In cases in which before encystment 
the vitality was low, it is found that the reorganized individuals emerg- 
ing from the r>'sts have a heightened vitality and reproductive power, 
as compared with the situation before encystment (Calkins, 1915; 
Beers, 1930). Encystment may occur at times when the vitality is 
high, being induced by unfavorable environmental conditions; in sufb | 
ca^es enrystnif^nt does not increase vitality. ,1 
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The life of the individual cell as such is normally terminated by its 
vision into two cells. Hartmann (1928) has shown that by repeatedly 
itting off a part of the cell (in Ameba and Stentor) division may be 
ippressed. Individuals on which removal of a part is thus practiced 
; regular intervals may live indefinitely without division. Hartmann 
lus kept an individual Ameba alive for four months without division. 
; appears that cutting off a piece of the body induces reorganization, 
ith the same effect as results from cell division. 

3. AGEING OF PROTOZOA THROUGH MANY GENERATIONS 

As shown in the foregoing section, reproduction by fission involves 
^organization and development. The new individuals produced are 
hysiologically young as compared with the parent individual. 

But the question remains whether the rejuvenescence so produced 
ally restores the pristine condition. The chain of living cells extends 
or hundreds, thousands, of generations. Are the later members of the 
hain as physiol ?gically young as the earlier members? Or do the 
iter members become senescent and finally die, unless something 
Qtervenes to save them? And by what sort of intervention may they 
le saved? 

To obtain factual answers to these questions an astonishing amount 
rf labor has been expended. The present state of knowledge will be 
Mmmed up in a series of numbered sections. 

1. When the chains of living cells are kept under observation in the 
aboratory, so that their fate can be determined, as has been done with 
aany species of Protozoa, it is found that as a rule, after some hundreds 
){ generations they do decline. Fission and other life processes become 
iower, resistance decreases, functions are imperfectly performed. 
Varied structural changes occur. Frequently the protoplasm becomes 
Dpaque; the cell body is swollen, or in other cases wastes away. Struc- 
tural differentiations become less marked; appendages may be lost. 
Nuclear abnormalities occur; at times the micronucleus disappears. 
The organisms give a picture of senescence, finally extending to death. 
Figure 10 shows three stages in these changes as observed by Maupas 
(1888). 

The curve of declining vitality is well represented by the graph of 
daily fission rate, which for any given biotype appears to be a good 
measure of vitality. A typical graph is shown in figure 11. A large 
number of such graphs for different species, are given by Jennings 1929. 

The period during which the animals continue to multiply, before 
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fjerliiiing t*^ death, varies greatly. It usually includes some hundnrf 
of general iuus. Such a declining curve of Paramecium caudatum. a 
studied l>y Calkins (1904) covered 659 days, during which there wn 
742 generations. 

2. Such declining stocks are in some cases visibly rescued from dtatl 
and restored to high vitality by the intervention of sexual repmiue 
tioii,— the union of individuals in conjugation. 

Whether sexual union does in fact result in rejuvenescence was \m^ 
a subject <if controversy. When conjugation occurs at periods T^b^e 
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Fig. 10. Three successive stages (drawn to the same scale) in the decline and I 
dcKcneratiuu ot Siylonychia pusiulata, after Maupas (1888). 

the vitality' has not been lowered, it does not result in increased vitality, j 
Moreover, (onjugation has many other aspects; it results in producing 
new conil>inations of the genes; and it is a complex process, which may; 
take place in an imperfect or abnormal way. In consequence, it ofteit 
results in an actual lowering of vitality; it may even result in abnor- 
mal it y and death. It has now been fully demonstrated however thai 
ill certain npeeies, if conjugation occurs at periods of lowered vitality? 
it results in increased vitality, in rejuvenescence. This was demon- 
strated by (^alkins (1919) for Uroleptus, and by Woodruff and Spencer 
(1921) for Spathidium, After conjugation, in these cases, the lowered 




PROTOZOA AND INVERTEBRATES 



39 



iTve of vitality rises, the life processes proceed again rapidly and 
Bciently, and death is averted. 

How sexual union produced this effect was long a mystery; it gave 
se to mystical theories. The explanation now seems clear; it will be 
Jt forth in later paragraphs. 




Fig. 11. Graph of the fission rate in successive ten-day periods in isolation 
cultures of PUurolricha lanceolata, in the experiments of Baitsell (1914). The 
borizontal scale shows the number of successive 10-day periods, the vertical 
scale the number of fissions in each period. The fission rate declines (with many 
fluctuations) till the culture ends in death. 

3. It has now been shown that there exist stocks or species of Pro- 
tozoa which may continue indefinitely to reproduce by fission, without 
Benescence or decline — the consecutive chain of cells continuing endlessly 
to multiply at a high level of vitality; and this without intervention of 
sexual union. 

This was demonstrated by Woodruff (1926) in Paramecium aurelia; 
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thp organ iPiiis wprr kept in uninterrupted vegetative multiplication fa 
yeai-s, anil for Uinu^sands of generations. It was similarly demon- 
,st rated for Paramecium caudatum by Metalnikov (1924), by Hartmana 
(1917) for Eurhrhia, by Belar (1924) for Aciinophrys, and by othci 
workers for other s|)eeies of Protozoa. 

Thus in these s|X'cies the constitution of the organisms is such thai 
the life prr>ce,ssf^s can go on indefinitely. Regulatory processes, repair ol 
[^^fl II wear and eliininatii^n of waste keep step with the other processes of lift 

fyi lai thie of the major (luestions appears to be answered by these observa- 

^liieh tions. Serie?;cence and death of the cell are not inevitable accompani 

eleme ments or results of living. 

1 4. But the deeper significance of these facts was brought into questiol 

numb by rliscovery of the nature of some of the regulatory processes whid 

7 make possible this uninterrupted living. In the free cells that havt 

for C5e been most studied in connection with these questions, — the ciliate in- 

prout fusoria — ^the nucleus, as before set forth, is in two parts. There is i 

The 1 large physiologiiall>' active macronucleus, and a minute reser\T, the 

in difi nikTonucleus. If the macronucleus is removed, life processes soon stop 

l^Tge hilt they may continue for generations in the absence of the micro 

ii^'i^r ' nucleus. If the major processes of living wear and use up the nuclea 

<ii*^<> material, it is upon the macronucleus that this exhaustion must fall. 

^^^^ It was discovered by Woodruff and Erdmann (1914) that in Fcffdr 

'***^***' mecium aurelia and mudaium there occur at intervals of many generan 

^^^y tions of active life a replacement of the entire active macronucleus from! 

Jj a part of the reserve micronucleus. This is the same process (endomixis^ 

*^**^ mentioned on an earlier page as occurring during encystment. BiitiS 

^ ^^'^ was now found to occur in these species during active life, withoul 

interniption of the processes of vegetative reproduction. The macrO' 

*^'*'*^''' nucleus l>reaks up Mud fades away, the micronucleus divides and apaH 

^^J^^^ of it enlarges to take the place and functions of the macronucleus. ^ 

It has further b(H*ii shown that this replacement of the worn macro- 
, inicleus frfim the unworn micronucleus is effective in keeping up or 

! ' ^ restoring the vitality of the organism. If endomixis is omitted for lon| 

t peritKls the organisms decline in vitality, resistance is decreased, and 

finally, if endomixis does not occur, they die. This was first obsen-cd 
by Woodruff (1917). and has been extensively confinned in the labora- 
tory of the writei\ After endomixis has been long postponed, the 
fission rate falls, and the fall continues, becoming progressively greater 
the longer endonuxis is held off, till death occurs (Jennings and Sonn^ 
bnrn, 1936). If after the fission rate has notably fallen, endorni^ 
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occurs, with its substitution of a new macronucleus for the old one, the 
fission rate in many cases is at once restored to the usual level, and the 
uhain of cells lives far beyond the period at which it would have died. 
Normally in these species endomixis occurs before there has been a 
detectable fall in vitality, so that decline is entirely prevented. A 
delicate test gives evidence that in Paramecium aurelia the vitality is 
directly proportional to the recency of endomixis. This test is presented 
by the fact that the undergoing of the endomictic process is itself a 
severe ordeal, so that individuals of lowered vitaUty may die during or 
in consequence of it. The greater the period since the last endomixis, 
the greater the proportion of individuals that die at or after the occur- 
rence of the next endomictic process (unpublished results of Pierson 
and Gelber). 

The meaning of the occurrence of endomixis, with its renewal of 
vitality, appears to be as follows. An essential part of the cell, the 
nucleus, is indeed exhausted or poisoned in the process of Uving, so that 
life can be continued only by the substitution for this worn organ of a 
nucleus which has not partaken of the active life of the cell. In these 
species at least it appears to be this substitution of a reserve for a worn 
out part that makes it possible for life to keep indefinitely in progress. 
The necessary repair and elimination, it appears, are not carried out as 
part of the ordinary continuous physiological processes, but at inter- 
vals exhausted parts must be rejected and unexhausted parts substi- 
tuted, such substitution occurring within the single cell itself. In place 
of the death of the entire cell there is the dissolution and replacement 
of the macronucleus. 

This gave the clue to the restoration of lowered vitality by sexual 
union. In this process too the macronucleus breaks up and dissolves, 
and its place is taken by a part of the reserve. The substitution has 
the same effect in warding off senescence and renewing vitality, whether 
it occurs in connection with sexual reproduction or apart from it. In 
some of the Ciliata, beside the replacement of the macronucleus at 
^ sexual reunion, there is a visible reorganization of the entire cell. Ap- 
pendages and other visible structures are lost and developed anew. 

With these discoveries the balance seemed to incline again toward 
the inevitabiUty of exhaustion through full active Uving, although re- 
serve parts, it appears, can live unexhausted as a result of not partici- 
pating in the major activities of life. One becomes inclined to suspect 
that the keeping in store of fresh unexhausted parts, whether they are 
entire cells as in higher organisms, or parts of cells as in these Protozoa, 
is the secret of continued life. 
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5. But fiTiother step in discovery brought again into question the 

general validity of such a conclusion. Certain stocks or species of 

Protozoa, it was found, can continue to Hve and multiply indefinitely, 

althougti in them there is no separation of the nucleus into active 

and reserve portions, and hence no replacement of the former by the 

a^s obj latter. This is the case in Eudorina (Hartmann, 1921), and in Actin- 

O ophyrys (Belar, 1924). Furthermore, in many species of ciliate in- 

ited 11 fusoria, in which there is such a separation of active and reserve parts. 

for lat there is no substitution of the reserve for the active part during the 

wbicb active life uf the organisms, but only at encystment. Yet some of 

eleme these species can live indefinitely in an active condition. And in 

T certain species in which normally there exist macronucleus and micro- 

lumib nucleus, at times stocks are found in which there is no separate micro- 

7 nucleus. Such a condition commonly occurs in the final stages of 

for ce senescence, when the organisms are predestined to early death. But 

pi'^>"<^ Dawson (IfllD) found a stock of Oxytricha hymenostoma in which the 

'I'he 1 micronycleus was missing, yet vitality was high, and though vitality; 

^*i *^^'^ declined in isolation cultures, in mass cultures these infusoria lacking a 

^^^S^ micToniKleus would live indefinitely. 

^*f ^'^ ^ Thus it appeared that in these species the substitution of a reser\e 

^"*^^*^ for the active nucleus is not necessary. The balance seemed to srag 

^^ again awa>' from the conclusion that exhaustion and senescence are 

^'^ ' inevitable unless such substitution occurs. 

^ But the last word on this matter has not been said. As set forth 

earlier, in the account of the life of the individual, at cell division 

. parts of the active macronucleus are eliminated, in some species of infu- 

^ I soria. At division into two, a third piece of the nucleus is formed, and 

this is dissolved and disappears. In other cases, as already mentioned, 

. ^ a visH)le rof^rganization of the macronucleus occurs, which is not oD- 

^ / viously accompanied by elimination of parts (unless the eliminated 

, matorifil is in liquid condition). Such phenomena are commonly inter- 

la\-iY pretcd as cases of elimination of exhausted portions of the nucleus, ^^ith 

^Ij^g^ presumably their replacement from reserve parts; or at least as processes 

jjjy^l of reorgnnization by which exhausted parts are renewed (see especially 

Calkins, 1934). They are of extreme interest, though it is much to I* 

regretted that there appears no prospect of making an experimental 

test of the assumption that they actually result in a renewal of vitality. 

All this leaves open the possibility that there are in all continuously^ 

living cells processes of substitution occurring on so minute a scale that 

they are difficult to detect or to test, and that this is the secret of the 
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power of living indefinitely. Yet to conclude that these processes are 
80 minute and so nearly continuous, is practically equivalent to the 
conclusion that the ordinary processes of life include repair and elimina- 
tion so eflFective that life can continue indefinitely without exhaustion; 
to the conclusion that senescence and death are not in all free cells 
inevitable consequences of living, — though in some they are. 

6. But another set of observations is important in relation to this 
matter of senescence. In the same species or stocks which under 
favorable conditions may live indefinitely without senescence there 
occurs under less favorable conditions a slow decline in vitality as gen- 
erations pass. This is true both in those stocks in which substitution 
of unworn for worn parts is known to occur, and in those in which it is 
not. The effect of the unfavorable conditions cannot be perceived in 
one generation; often not in ten generations. But they apparently 
dow down repair and elimination, and after many, perhaps hundreds, of 
(generations they produce senescence and final death. Decline in some 
of these stocks is checked and in large measure remedied by substi- 
tution of the reserve for the active nucleus, but in time even this fails; 
Paramecium caudatum and Paramecium aurelia, with their periodic 
endomixis, eventually under poor conditions become old and die. 

Thus the cell constitution in many Protozoa is such that under 
certain conditions life may continue indefinitely; while under other con- 
ditions it may continue for a great number of generations, but eventually 
yields to senescence and death. 

7. Finally, there exist also stocks in the Protozoa in which senes- 
cence and ultimate death are unavoidable, occurring under all con- 
ditions, including the best. 

Such stocks are frequently produced, in Paramecium, at sexual re- 
production. In the Protozoa, as in higher organisms, sexual reproduc- 
tion is a process of producing many diverse genetic constitutions. 
Some of these genetic constitutions are such as may continue to live 
long, or even indefinitely, when the conditions are good. But others 
are of such a sort that the lines of descent to which they give origin 
may live for a number of generations, many or few, then they inevitably 
decline and die. 

Many such short-lived stocks have been found to arise at conjugation 

in Paramecium aurelia; some of these are described by Jennings, Raff el, 

L^Tich and Sonneborn (1932). Some of these stocks live for but a few 

' gi'iipratiniis after conjugation, producing a small number of descendants, 

whifh all die. Others continue to multiply for 10 to 40 generations or 
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more, giving rise to a large population; but after a time all the members 
of the population decline and die. In some cases such a stock gives 
rise to a few lines that continue long, while the great majority of the 
lines are predestined to early death, as in the stock 11a, described Id 
the paper just referred to. 

Thus after a stock of Protozoa has gone through conjugation there 
h a great process of selective elimination occurring among their descen- 
dants. A considerable proportion of the descendants of diverse genetic 
constitution so produced cannot continue to live indefinitely; after a 
small or Uiripce number of generations they decline and die, leaving only 
the more vigorous lines of descent. 

This occurrence of stocks that are predestined by their genetic con- 
stitution to decline and death after multiplying for a number of gpn- 
erations, is a matter not to be neglected in a consideration of senescence | 
and death in free cells. Ageing and death from intrinsic causes is not 
foreign to organisms that are single cells, as is often asserted. Death 
from intrinsic causes by no means owes its first origin to the evolution 
of iiuilticellular organisms. It is a widespread and abundant phe-| 
nomenon in unicellular organisms. i 

Hunun arizing the relations of free living cells to senescence and death, 
as we have set them forth above, we find many gradations, many 
diversities of constitution. Some free cells are so constituted that they 
are predestincil to decline and death after a number of generations.! 
Some are so constituted that decline occurs, but this is checked or 
reversed by substitution of reserve parts for those that are exhausted;] 
they can livt^ indefinitely, but are dependent on this substitution. In 
some the constitution is such that life and multiplication can continue | 
indefinitely without visible substitution of a reserve nucleus for an 
exhausteil one; but whether this is due to the continued substitution, on 
a minute scale, of reserve parts for those that are outworn cannot now 
be positively stated. This perfected condition, in which living itself 
includes continuously the necessary processes of repair and elimination, 
is found in some free cells, but not in all. 

(Many of the matters discussed in the foregoing pages will be found 
more fully described or discussed in the present author's Genetics of tk 
Protozoa (1929), and in Calkins' The Biology of the Protozoa (1933)). 

4. INVERTEBRATES CONTRASTED WITH PROTOZOA 

The invertf^hrates of course present a wide variety of conditions as 
to len^h of life, senescence and death. The length of life varies from 
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the few days of the male rotifer to the sixty-six or more years of the 
actinian (Ashworth and Annandale, 1904). A summary of the chief 
known facts as to length of Ufe and related matters is given by Korschelt 
(1917), and many important relations touching them are investigated 
and discussed in the writings of Pearl (1922, 1928). The present dis- 
ciis-ion will deal in the main with matters that touch the questions 
raised in the foregoing section on Protozoa, together with certain 
additional relations for which the invertebrates furnish favorable mate- 
rial. There are many parallels in the relations of the two groups to 
senescence and death. 

In the invertebrates, as in the Protozoa, we find extensive if not 
universal use of the device of keeping certain parts of the organism out 
of the main current of the life activities, forming a reserve, which is 
substituted at intervals for worn or senescent parts of the active organ- 
ism. In the multicellular organisms these reserves are distinct cells, not 
mere reserve portions of cells, as in the Protozoa. These reserve cells 
have the capabiHty of developing and of taking on all the activities of 
the organism. They are best known to us as germ cells, but many 
organisms have other reserve cells, known as embryonic or regenerative 
cells, which remain dormant, but can be roused to active life by ap- 
propriate conditions. They play a great r61e in vegetative reproduction 
and in regeneration. 

Besides substitution of reserve cells for exhausted or injured active 
ones, there may occur, as in the Protozoa, dediflferentiation and re- 
organization of differentiated cells, which thereupon take on new 
functions and differentiations. Such reorganization takes place readily 
in the partially differentiated cells of early embryonic periods, so that 
the "prospective fate*^ of the cells is changed. It becomes infrequent 
as adult conditions are reached. Different groups of the invertebrates 
differ greatly as to the readiness with which the ''prospective fate" of 
the cells can thus be changed. In general it may be said that the extent 
and distribution of such reorganization of differentiated cells is not 
fully worked out. 

The reserve cells known as germ cells are commonly aroused to full 
activity by the processes of sexual union. But the many cases of 
parthenogenesis, natural or artificial, show that they, like the regen- 
erative cells, may be awakened to full activity independently of sexual 
union. 

In the invertebrates, as in the Protozoa, the cells which take an 
active part in the life of the individual are subject as a rule to decline. 
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to senescence. As we have seen in the Protozoa, such decline occurs in 
free cells as well as in those forming the differentiated multicellular body. 
In addition to the senescence of the individual cells, or in consequence of 
it, there is, as in the vertebrates, a general senescence of the entire 
body, culminating in death. 

5. DETERMINATE AND INDETERMINATE GROWTH OP INVERTEBRATES 

With relation to these matters there may be distinguished in the in- 
vertebrates certain diflferent groups. On the one hand there are those 
having determinate growth. In these the body reaches a definite form 
and size, then ceases growing. The period of growth is commonly 
followed by a definite period of maturity, then of age, followed by death. 
Examples of these are the insects, and the rotifers. In another group 
growth is indeterminate; the form and size are not definitely fixed, and 
growth may continue for an indefinite period. Marked examples of 
these are many sponges, and the branching hydroids. Many inverte- 
brates show mixed or intermediate conditions. Examples of these are 
some of the free-living flatworms, in which the individuals have a definite 
form and size, yet may grow indefinitely by the budding oflf of new 
individuals. 

Invertebrates with determinate growth. In the most pronounced types 
of strictly determinate growth, as in the rotifers and the insects, em- 
bryonic or reserve cells may be lacking in adult life, except for the germ 
cells. Such organisms are usually without the power of regenerating 
lost parts, and all the cells except the germ cell are subject to senescence 
and death. 

In these organisms the individual life is commonly divided into 
definite limited periods, differing in their relation to development. It 
will be worth while to note the characteristics of these in the rotifer as 
an example of strictly determinate development. 

In the rotifer there is first a brief period of cell division, lasting but a 
few hours. At this time are produced all the cells of the various bodily 
tissues. According to some observers, the number of cells in each tissue 
is very sharply defined and limited, so that the exact number of cells 
in the body can be given; thus Martini (1912) gives the number of 
cells in the body of Hydatina senta as 959. According to ShuU (1918) 
there is some inconstancy in the number of cells in particular tissues, but 
the fact of definitely limited cell production remains. The body is 
formed on a pattern in which the number of cells in each part is ex- 
tremely constant. Cell division occurs until the number of cells re- 
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quired for completing the pattern is supplied, then it ceases. At this 
time the cells are packed solidly together, and have not taken on their 
definitive forms, so that the individual is a minute nearly spherical 
mass of cells. 

Upon the cessation of cell division, a period of growth and differen- 
tiation follows. Without increase in the number of cells, the various 
organs take on their adult forms, their cells differentiate, growth in size 
occurs, till the normal size and structure of the organisms are produced. 
Thereupon growth ceases. This period of growth lasts in the rotifers 
but a few hours. 

Next follows a brief period of maturity, during which reproduction 
occurs. It lasts in most species but a few days, and is definitely limited, 
though it is not quite so uniform as the periods of cell division and of 
growth. The reproductive period varies in Proales sordida from 3 to 
9 days (Jennings and Lynch, 1928). 

Next follows a period of senescence, ending in death. The period of 
senescence is limited, like the others, though with a somewhat greater 
amount of variation. In Proales sordida it varies from 1 to 17 days. 
The total life in this animal falls within 23 days, divided as follows: 
cell division, one day; growth, one day; reproductive period 3 to 9 
days; senescence 1 to 17 days. 

As appears from the above, the different life periods, except possi- 
bly the last, are dedicated to certain definite functions, ceasing when 
those functions are accomplished, so that they are thereby sharply 
limited. The entire life proceeds upon a rather definite schedule, 
occupying but a few days. In many cases the organisms are so con- 
stituted that early decline and death forms one of their most definite 
characteristics. In the male of most rotifers there is no alimentary 
canal, so that life lasts but a few hours, and a similar situation occurs 
in other groups. Death at a particular time in the schedule appears 
as definite a characteristic of the species as form of body or limbs. 

Such organisms have raised in certain minds the question whether in 
them senescence and death, like cell division, growth and reproduction, 
are not essentially functional; whether the time at which they occur 
has not become fixed by the same evolutionary processes that fix the 
color of eyes or form of limbs. Of this character was a famous theory 
of Weismann, holding that death at a certain period had been developed 
through natural selection, as an advantage to the species, rather than 
as an inevitable consequence of exhaustion through the wear and tear 
of living. 
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Inveriebraieff with indeterminate growth. In the invertebrates in which 

development is indeterminate, as in hydroids and .some fiatworms, life 

of the body appears to continue indefinitely, through continued branch- 

^^^ ing, tiuclding, or division. Yet the parts that are early fonned and 

HH differentiated rommonly become in time senescent and finally die. It 

-*^' is only the newly formed buds or branches that continue to live indef- 

^ *^ J initely» — ^througli further budding or branching. A valualde detailed 

study of them* phenomena in the fiatworm Stenostomum is given by 

'^* ' Sonneborn, 1030. In such organisms the senescence that occurs seems 

, , " to l>e a true decline or "decay'' resulting from wear or incomplete 

ehinniation of vvtiste products. 
ieiii€3 

rt- III the formation of the "new'' parts of the body, that continue ic 

, live, reserve or embryonic cells that have not taken part in the full 

^ life of the body are known to play a large r61e. When such embryonic 

cells are destroyed by radiation, new parts are not further produced; 

regeneration no bnger occurs (Curtis, 1928). In some cases also de- 
y^^ I differentiation of differentiated cells plays a role; they take on anew the 

jj ^lg, embryonic condition, later developing and diflfert^ntiating anew. lu 

^^~^ many highly dilTerentiated cells such restoration to tlie embryonic 

gg^P 1 condition appears not possible. The extent to which dedifTerentiation 

Isccp plays a r6le in these matters has not been fully elucidated. 

*rote 

^ali G. «JENETIC CONSTITUTION AND SENE.sf ENCE 

^*^ ^ III any given species, particularly in those organisms having deter- 

minate grnwtli, 1 lie length of life and the time of occurrence of senescentf 
and death, depend (as in Protozoa) both on environmental conditions, 
and on the genetic constitution. Important investigations on both 
these aspects ut the matter in invertebrates, we owe to Pearl and his? 
^^^ co-workers (see Pearl, 1922, 1928, and Gonzalez, lt»23). The r61e of 

'„ M genetic constitntion in determining length of life they have denion- 

• strated fully in the fruit fly, Drosophila melanogaHkr. Under given 

r^l^^j- conditions, certain stocks, marked by visible structural characteristics, 

h\^^^i live much longer than others. Gonzalez (1923) found that while the 

^^^^^.| normal "wild type" fruit fly lives on the average 39.5 days, a stock 

differing froni this in having much reduced wings ("vestigial wings") 
has an average length of life of but 18.2 days. The vestigial stock 
fliffers from the wild type in but a single gene, (iunzalez shows also 
that changes in other single genes result in greatly altering the length 
of life. The average duration of life in days for a number of stocks 



einfi 

}lauc 

J 

*oro7* 





Il4 



PROTOZOA AND INVERTEBRATES 49 

differing in but a single gene (or in the case of "Quintuple" differing 
from the others in five genes) is given by Gonzalez (1923) as follows: 

dayt 

Wild type 39.47 

Black 40.68 

Purple 25.54 

Vestigial 18.22 

Arc 26.81 

Speck 42.66 

Quintuple 10.88 

As is well known, every gene (with seemingly a few exceptions) plays 
an essential rdle in the life and development of every cell of the body. 
It is not surprising therefore that changing single genes may so alter 
the cellular processes as to change the length of life. 

When stocks differing in length of life are crossed, Pearl shows that 
in the descendants the length of life depends upon their genetic con- 
stitution. In the immediate offspring of the cross (Fi), the mean length 
of life is greater than in either parent stock, so that these offspring show 
"hybrid vigor." In a cross of a ''type I'^ (mean life 44.2 days) with a 
"t>T)e IV' ' (mean life 14.1 days), the mean life in the immediate off- 
spring was 51.5 days (Pearl 1922). In later generations of the descend- 
ants, groups with diverse lengths of life are formed, in proportions 
showing that inheritance of this character, like that of others, occurs 
in accordance with Mendelian laws. 

In general it has been found that in Drosophila the mutated types 
tend to have a higher mortality rate, and a lower length of life than the 
unmutated or ''wild" types, — almost any mutation in a gene tending to 
shorten life. 

In invertebrates, as in man, there is much variation in the length of 
life among the individuals of a given species or race. If in a population 
the proportion of survivors is plotted at successive intervals, a curve of 
typical form is produced. Pearl brings out that in the invertebrates, so 
far as these matters have been studied, this survivorship or mortality 
curve is of the same form and type as in man. Pearl and Doering (1923) 
have illustrated this in detail for Drosophila and the rotifer, Proales 
dedpienSf in comparison with man. 

What are the causes of the variations in length of life, and the typical 
distribution of these variations shown in the survivorship curves? In 
a human population, both environmental and genetic factors are 
certainly involved, genetic differences among the individuals perhaps 
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supplying the main cause of variation. In the rotifer, Proales sordida 
howev'er, there is a similar mortality curve, although the individuals 
are all derived by uniparental reproduction from a single ancestofj so 
timt genetif diversities based on varying distribution of the genes are 
not to be expected. The differences in duration of life possibly point 
to the exintoTice of congenital diversities of a different type from those 
due to difTereiices in distribution of genes; diversities hardly perceptible 
in other ways. 

7. SUMMARY 

Our present knowledge of ageing and death of protozoa and inverte- 
bnites indicates the importance of at least two factors. 

Tlie first of these is the substitution of reserve parts for those that 
become exhausted. Some protozoa are provided with both a largp 
(macro) and a small (micro) nucleus. The latter functions as a resenT. 
In the invertebrates and in man a comparable intracellular reser\'e is 
not seen but there is an intraorganismal reserve of cells. These include 
the sex cells CMpable on union of producing another whole multicellular 
organism to take the place of the old one and of various relatively 
undiiTerentiated cells which by multiplication make good parts of the 
organism whirh may wear out. Among the latter are the reserves, 
being called u|>on as long as the individual Hves, to produce new blood 
cells and epi<irrraal cells of the skin. 

The st»con«i is genetic or hereditary. There can be no doubt that in 
all aninials fr<jiii the single celled protozoa, through the invertebrates 
to man, the lengtb of life is largely determined by inheritance. In fruit 
flies a single j2;ene may make a great difference in length of Ufe. In 
iiunums there are long and short lived families and further study will 
probably reveal the importance of genetic constitution as one factor 
in ageing. 
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SEX REACTION TYPES AND THEIR INTERRELATIONS IN 
PARAMECIUM BURSARIA. I 

By H. S. Jennings 

Zoological Laboratory, Johns Hopkins UNiVBRSirv 

Communicated February 1, 1938 

The discovery by Sonnebom* of two sex reaction types in a race of Para- 
mecium aurelia opened a new chapter in the genetics of the Ciliata. The 
present study shows that similar reaction types occur in Paramecium bur- 
saria, but that in number and interrelationships they differ greatly from the 
situation in the race of Paramecium aurelia studied by Sonnebom and by 
Kimball.' 

In the work on the cytology of conjugation in Paramecium bursaria, in 
this laboratory, Dr. T. T. Chen observed that conjugating pairs could be 
obtained from mixtures of two of his cultures, but not from either culture 
separately. This formed the starting point of the present investigation. 
Two clones, designated / and m were obtained from the cultures of Chen, 
and the work was extended to many other stocks. The clones / and m had 
been collected from a pond at Alexandria, Virginia. 

The mating reaction that occurs when two appropriate clones of Para- 
mecium bursaria are mixed — such clones as / and m — ^is of the rapid agglu- 
tinative character described by Sonnebom^ in Paramecium aurelia, and by 
Moewus' for various flagellates. Within a few seconds after mixture the 
individuals have clotted together in small groups containing two to a dozen 
or more individuals. In strongly marked reactions these groups quickly 
coalesce into masses that contain hundreds of individuals and are visible to 
the naked eye. The animals remain clotted for a half hour to two hours; 
in the latter part of that period the dots begin to break up, and it is now 
found that many of the component individuals have become united in 
pairs. After about two hours only united pairs and single individuals may 
be found in the mixture. 

The pairs are formed from one member of each of the two clones that 
were mixed. This is readily demonstrated by removal of the green color 
from individuals of one of the two clones. The usual strong green color of 
Paramecium bursaria is due to the presence in the body of many cells of a 
green alga. The color can be almost completely removed by inducing 
the animals to multiply rapidly in a rich nutritive medium, such as the algal- 
bacterial medium described by Raff el.'* The contained algae multiply 
much less rapidly than the Paramecia, so that the later generations contain 
but a few scattering alga cells which hardly color them at all. In this con- 
dition Paramecium bursaria is practically as colorless as Paramecium aurelia. 
When one of the two clones is thus made white, the pairs in the mixture are 
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found to consist always of one green individual and one white one. In the 
large clots aJso, green individuals are always in contact with white ones. 

The reaction between two clones belonging to diverse reaction types oc- 
ciu^ whenever the two clones are mixed, provided they are in the proper 
physiological condition. There is a period after conjugation, varying in 
length in different clones, in which the individuals will not mate. Further, 
mating does not occur when the individuals have recently been transferred 
to a rich nutritive medium and have grown very large and are rapidly divid- 
ing. The most favorable conditions for the mating reaction are furnished 
when, after such a period of rapid growth and division, the nutritive me- 
dium becomes poor and the animals are becoming thin and ceasing to divide. 
At such periods, if two clones of diverse tjrpe are mixed the clotting is 
strongly marked and many pairs are formed. 

Different clones show marked differences in the readiness with which they 
are brought into the condition for clotting and conjugation. Some are re- 
fractory and can be induced to react only by bringing about the exact degree 
of nutritive decline that is most favorable to the mating reaction. Others re- 
act readily under all conditions except those of extreme plumpness and rapid 
fission resulting from rich nutritive conditions. The reaction occurs, how- 
ever, only at certain periods of the day, diverse in different stocks, but ex- 
cluding in all cases the evening hours, so far as observed. (These matters 
are to be dealt with separately.) 

The clotting reaction above described occurs only when two clones of di- 
verse sex reaction type are mixed- But in certain clones, perhaps in all, 
isolated pairing may occur between members of the same clone, if the clone 
is left for long periods in a condition of declining nutritive strength. If, 
for example, great numbers of individuals of a single clone are left for sev- 
eral days in a watch glass with a small amount of water, after some days 
isolated pairs may sometimes be found among them. The formation of such 
pairs is not accompanied by clotting, and is so rare that close study of a 
clone for months may yield no examples. Such exceptional pairs are left 
out of account here; they form no part of the usual picture of pairing. 
Their genetic consequences will be dealt with elsewhere. 

In such clones as / and m we thus find two sex reaction types that are 
seemingly comparable to the plus and minus sex types of Chlamydomonas 
and other flagellates as described by Moewus,' and to types I and II of Para- 
mecium aurelia (Sonnebom l). 

The matter was investigated fiuther (1) by allowing / and m to conjugate 
together, producing many exconjugant clones, the sex reactions of which 
were examined, and (2) by collecting from natural habitats many stocks and 
studying their sex reactions. Results of the former line of work are pre- 
sented in this paper. 
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Sex ReacHan Types of Clones Descended from Exconjugants of Type I by 
Type m. — ^A large number of pairs were obtained by matings between the 
clones / and m, representing the two reaction types. From the exconju- 
gants of these pairs clones were obtained, and the sex type of each was 
tested by examining its reactions against the two parental types. The de- 
sign was to obtain if possible inheritance ratios for the two diverse types. 

This purpose meets a serious obstacle in the great mortality among the 
exconjugant lines. Most of the exconjugants or their descendants die. 
This occurs even in the most favorable nutritive media and other conditions 
in which non-conjugants flourish, none dying. A large proportion of the 
exconjugants die without dividing. Others divide, but produce weak off- 
spring, often small and abnormal, which die ajter a few generations. In 
the experiments, 142 pairs were isolated from / X m; these should yield 284 
exconjugants, and as two lines were to be cultivated from each exconjugant, 
there were potentially 568 Unes of descent. But out of these, only 26 
formed clones that continued to multiply and so could be tested; thus but 
4.6 per cent. And these included representatives of but 11 of the 142 pairs. 

With so high a mortality the determination of inheritance ratios for the 
sex reaction t3rpes is not possible, but study of the 26 descendant clones 
nevertheless furnishes important information as to the sex reaction types 
and their nature. 

The exconjugant lines were designated as follows. To each pair was 
given a number, and the two members of a pair were called a and b. From 
each member two lines of descent, derived from the first division of the ex- 
conjugant, were isolated; these were designated 1 and 2. Thus the pair 
67 furnished the four lines of descent 67al and a2, 6761 and b2. The 26 ex- 
conjugant lines were tested by mixing samples of them respectively with / 
and with m, to determine the sex type. As was expected, some reacted 
only with /, others only with m. 

But the clone 67al was found to form pairs with both / and m, and on ex- 
amination this was found to be the case with all the 4 clones descended from 
pair 67 — al, a2, 61 and 62. They reacted strongly, forming immediately 
large dots, and numerous later pairs, equally with / and with m. 

It was at first suspected that such clones must have become differentiated 
into the two sex tjrpes, as Paramecium aurelia differentiates into two sex 
t3rpes at endomixis, according to Kimball.' But examination showed that 
this is not the case. Any single individual of 67a 1 (or the other clones of 
67) reacts with equal readiness with either / or m. 

This is discovered as follows. A single individual of 67a 1 is introduced 
with capillary pipette into a drop containing individuals of clone / only. 
The first individual of / with which it comes in contact cUngs to it and ini- 
tiates the pairing reaction. While in this conidtion, before firm union, the 
pair are removed to a drop containing only individuals of m. In the transfer 
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the two become separated, since they have not yet finnly united. Each 
then provokes a strong reaction with m; in a few seconds two small clots are 
formed. In one of these individuals of m are clinging to /, in the other to 
67al. It is demonstrated that the single individual of 67al reacts with 
equal readiness with type / or type m. 
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TABLE 1 
PaRAMBCIUM BURSARDk 

Clones of the I — m group, including 26 clones derived from exconjugants of / X m. 
Classified table of matings, showing the four reaction types. 
4- Form clots and pairs when mixed. 
— Do not clot and pair. 



Also, if a single individual of 67a 1 is allowed to multiply, and some of its 
descendants are tested with /, others with w, they are found to react imme- 
diately with both. 
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Thus we have, besides / and w, a third reaction tjrpe, which unites with 
both / and m. We are not dealing with simply two reaction types, as was at 
first assumed. 

In the course of the tests a fourth reaction type was found, exemplified by 
the clone 161. This forms clots and pairs, not only with / and with w, but 
also with 67al and other members of its type. 

To determine the exact situation, each of the 26 clones descended from / 
and m was tested with every other, as well as with the parental clones / and 
m. In addition, two other clones, B and C, were found to interact with 
members of this group; these were included in the tests. The testing of 
each of the 30 clones with each other one involves \ (30 X 29) or 435 tests. 
In each test, 50 to 100 or more individuals of each of the two clones to be 
tested are placed together in 2 or 3 drops of water and observed for clotting 
and pairing. 

The results of these 435 tests are shown in table 1. As the table shows, 
the 30 clones (26 derived from / X w) fall into 4 diverse sex reaction types; 
there are indeed 4 types among the descendants of the two t3rpes / X w. 

The first of these is the m type, containing but four clones, including two 
descended from I X m. 

The second, the / type, includes nine clones; among them seven derived 
from the union of / and m. 

The third, the 67al type, contains 13 clones, all derived from the union 
of / and m. 

The fourth, the 161 type, contains 4 clones descended from iXtn. Thus 
the 26 exconjugant clones derived from the union of /and m fall into four 
reaction types in the proportions 2:7:13:4. 

The four types have the peculiar relation to each other that the members 
of each one clot and conjugate with the members of all the other three. 
The relations for the four types are shown in table 2, in which the plus sign 
indicates clotting and pairing in the mixture indicated. 

TABLE 2 

Thb Four Sex Rbaction Typbs and Thbir Intbraction's, in the / - m Group 

I m 67al Ihl 



I 

fit 

67al 

Ihl 



- + + + 

+ - -h + 

+ + - + 

+ + -h - 



Certain points with regard to inheritance may be gleaned from table 1. 
From the union of two parent types, / and m, we obtain 4 types; two of 
which (m and 161) are less abundant than the other two In some cases all 
four clones descended from a pair are of the same reaction type; this is the 
case in pairs 67 and 97. In other cases lines derived from the same pair. 
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and even from the same exconjugant of a pair, belong to different reaction 
types. This is the case for example with 561 and 562, with 88al and 88a2, 
with 169al and 169a2. A segregation of the sex types thus occurs in some 
cases at the first division after conjugation, as is true in P. aurelia (Sonne- 

bom»). 

The clones produced from the exconjugants otlXm differ in many ways 
besides the differences in their sex types. There are characteristic differ- 
ences in size, in form, in vigor and particularly in their readiness to react 
sexually. Some, Uke the parental clones, react quickly under almost any 
condition. In others, specially favorable conditions must be supplied, of 
the nature already mentioned, in order to make possible the characteristic 
reactions when they are placed with individuals of another type. 

A discussion of the relation of these facts to the problem of sex differen- 
tiation is reserved until the sex reaction types of numerous stocks collected 
in nature have been presented. 

1 Scmnebom, T. M:, Proc. Nat, Acad. Set., 23, 378-386 (1937). 

* KimbaU, R. F., Ibid., 23, 461^474 (1937). 

» Mocwus, F., ArchJ. ProUstmk, 80, 467-626 (1933). 

« Raffel, D., Biol. BuU., 58, 293^12 (1931). 



SEX REA CTION TYPES AND THEIR INTERRELA TIONS IN 

PARAMECIUM BURSARIA. II. CLONES COLLECTED 

FROM NA TURAL HABITA TS 

By. H. S. Jennings 

Zoological Laboratory, Jomra Hopsnts Univbrsity 

Communicated February 1, 1938 

Twenty-seven clones of Paramecium bursaria were collected from diverse 
localities: four from near Alexandria, Virginia, twenty-three from the 
neighborhood of Baltimore, Maryland. After allowing the single indi- 
viduals to multiply in the laboratory, the sex type of each done was tested, 
originally by mixing with individuals of the two first-discovered types / and 
m, described in the foregoing paper. 

The four Virginia clones, / and m, B and C, which all came from the same 
pond, were found to form but two reaction types, B being of the same type 
as /, Cof the same t3rpe as m. 

But unexpectedly, the clones from the region about Baltimore did not 
react with any of the Virginia types. As shown in the foregoing paper, 
two additional reaction types were developed from the two that originally oc- 
curred in the Virginia group. None of the 23 Maryland clones reacted with 
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any of the four reaction types of the Virginia group. In mixtures of any 
Maryland clone with any Virginia done, there is no clotting or pairing. 

The twenty-three Maryland clones were further tested by making mix- 
tures of each done with each other one, giving rise thus to 253 mixtures. 
Five of the Maryland clones did not react with any others. Repeated mix- 
tures of these with each of the other clones were made, but no dotting or 
pairing occurred under any conditions. 
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TABLE 3 
PARAMBCroM BX7RSARIA 

Ckmes from natural habitats near Baltimore, Maryland, showing the five 
diverse sex reaction types (nmnbered 6 to 9). 
+ Form clots and pairs when mixed. 
— Do not dot and pair. 



The other 18 Maryland dones reacted in some of the mixtures. The re- 
actions fall into a system which is shown in table 3. Every done conjugates 
with the members of certain other clones, and refuses to conjugate with 
those of certain others. 
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As table 3 shows, the 18 Maryland clones fall into five diverse reaction 
types, in addition to the four reaction types shown by the clones of the Vir- 
ginia group. The Maryland t3rpes are numbered 5 to 9 in table 3. The 
reaction type 5 includes 6 clones, the members of which do not conjugate to- 
gether, but do conjugate with the members of the four other types of the 
Maryland group. Type 6 again contains six clones, which do not inter- 
conjugate, but do conjugate with the members of the five other t3rpes of 
this group. The seventh type consists of four clones, while types 8 and 9 
consist each of a single clone. Members of each type dot and conjugate 
with the members of every other type, 
but not with members of their own 
type. 

Thus the nine diverse sex reaction 
types so far observed in Paramecium 
bursaria fall into two independent 
groups, the members of which do not 
conjugate with each other. The nine 
diverse types and their interrelations, 
with the fact that they fall into two 
groups, are shown in table 4. 

The relations of the nine diverse 
reaction types to the localities from 
which they come are of interest. The 
four reaction types (niunbers 1 to 4) 
which constitute the Virginia group 
all come from the same pond at 
Alexandria, Virginia, or are derived by 
descent from those that came from 
this pond. The five remaining types, 
constituting the Maryland group, 
come from two ponds near Baltimore. 
Type 5 consists of six clones from 
a small pond (''Falls Road Pond") a 

few miles north of Baltimore. Other clones from this pond are found in 
the other four types, 6 to 9. Type 6 contains four clones (j, T, U, V) from 
the central pond of the Botanical Garden of Johns Hopkins University, 
and in addition two clones from the Falls Road Pond. The remaining 
three reaction types are all composed of clones from the Falls Road Pond. 
Thus the Falls Road Pond contained members of all the five reaction 
types of the Maryland group. 

In view of the two diverse reaction groups formed respectively by the 
clones from Virginia on the one hand, by those from Maryland on the other, 
examination of clones from other localities will be of interest; the author 
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TABLE 4 

Parambctom bursaria 
The nine sex reaction types thus 
far discovered, with their interac- 
tions, showing the two groups. Types 
1 to 4 form the first or Virginia group, 
types 5 to 9 the second or Maryland 
group. 

+ Form clots and pairs when 
mixed. 

— Do not clot or pair. 
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expects to study such, as they can be obtained. The conditions thus far 
found suggest that there may be many local races, diflFering in sex reaction 
type, and not reacting with races from distant locaUties. 

A deeper understanding of these types must wait upon a study, with 
adequate numbers, of their inheritance in crosses and in self-fertilization. 
Such a study is in progress. 

What is the relation of the findings in this and the preceding paper to the 
differentiation of sexes ? In contradistinction to the flagellates investigated 
by Moewus, such dliates as Parameciiun are diploid and each of the two 
mates fiunishes a migratory pronucleus and a stationary pronucleus, the 
former playing the part of a male gamete, the latter the part of a female 
gamete. There is thus a reciprocal fertiUzation, and each of the two mates 
gives rise to a line of descendants. The two mates are thus equivalent in 
these respects ; each is comparable to a hermaphrodite rather than to a male 
or female. Nevertheless the two mates are differentiated in relation to the 
mating reaction, and the studies thus far made point to an interesting series 
of steps leading toward the development of two definite types comparable 
to two sexes. The observations on Paramecium bursaria here set forth sug- 
gest nothing of the sort. They show the existence of many diverse types, 
the members of any one of which do not conjugate together (imder ordinary 
conditions), but do conjugate with members of various other types. But 
in Paramecium aurelia, as shown by Sonnebom and by Kimball, in a given 
race there are two and only two reaction t3rpes,'and any single individual 
may, by endomixis, produce these two but no others. Yet each type still 
pla3rs in other respects the part of a hermaphrodite. In the VorticelUdae 
the differentiation has gone farther; the two types are morphologically di- 
verse, and one plays essentially the r61e of a female, the other that of a male. 
Seemingly two definite sexes have arisen by gradual specialization among an 
originally large number of diverse reaction t3rpes. 
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Protozoa are organisms consisting of a single cell. Such interest as their 
locial life has is derived from that fact. The social phenomena that they 
ihow are not due to the organization and interaction of many cells of 
lifferent types, such as are found in higher organisms, but are part of the 
ife of the single cells. 

Social life involves the reactions of individuals as such to each other; 
nvolves discriminatory reactions to different individuals. Such reactions 
Kcur in the Protozoa mainly in relation to reproduction, particularly in 
^ mating that is a part of biparental reproduction. 

In certain Protozoa the different individuals are differentiated into 
Kverse sex types. These react to each other differentially, as do the indi- 
viduals of different sex in higher animals. In the Ptotozoa the sex types 
liffer only physiologically, in ways that condition their behavior, but not 
structurally. Such differential sex reactions are known in the flagellate 
Hfusoria (Chlamydomonas, Polytoma) mainly through the investigations 
irf Moewus, Hartmann and other workers in Germany and in the Ciliate 
Infusoria (Paramecium, Euplotes) through the work of Sonnebom, Jennings, 
Chen, Kimball, Oilman and other investigators in America. The differential 
lex behavior gives rise to rather complex social systems. 

In most species and varieties that have been investigated there are two 
sex types, which show behavior reactions that are similar to those shown by 
the two sexes in higher organisms. This is true so far as studied for the 
flagellates and some of the Ciliates, including Paramecium aurelia and P. 
Icaudatum. But in certain species, as in Paramecium bursaria and in Euplotes 
itella, there may be in any variety more than two sex types. Details 
iceming these are given in later paragraphs. 
Social behavior, with differential reactions, are found mainly in the 
tions of individuals belonging to different sex types. Individuals of 
the same sex type do not react sexually together, do not conjugate. But 
individuals of different sex type, if they belong to the same variety, readily 

rt sexually and conjugate. 
The sexual reactions are of a striking character. When all the individuals 
[present are of the same sex type, there is no reaction; the individuals 
[remain scattered and separate and do not conjugate. But if with these are 
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mingled individuals of a different sex type, there is at once a remaifaUl 
change in behavicx*. The individuals of the different sex types adhen 
together, forming large dots. Each dot may indude, under favorabii 
conditions, hundreds of adhermg individuals. At first the dots are smal^ 
but they increase rapidly in size. Later, after three or four hours or moic^ 
the large dots of adhering individuals break into smaller gnups. Many of 
the separating components are seen to be united in pairs, by contact of 
their oral surfaces; others are again single, as at the beginning. The indh 
viduals that are united in pairs do not separate, but become dosdy adhereot 
They continue their union (conjugaticm) until com^dex processes havt 
occurred in their nudei, induding repeated division and exchange of parte 
of the nudei and chromosomes. This requires many hours; often in Paraf*. 
mecium bursaria the pairs remain united for 30 hours or more.^ 

In their obvious features the sexual reactions just described are liki 
those seen in the minute Flagellata, and in most other Ciliata. But in ths 
Flagellata the two individuals of a pair do not separate, but unite cooh^ 
pletdy to form a zygote which later divides to produce new indiyidiia]a.| 
In all the Ciliata the two membets of a pair separate after exchange of 
chromosomes, and each divides, producing many .vegetative descendants. 

In the Ciliata, such as Paramedum bursaria, the animals are large] 
enough so that individuals can be followed separatdy and the detaib of 
behavior determined. The individuals of different sex types are not puM 
together or attracted from a distance. After the sex types are mingled the: 
animals continue to swim about in the same way as when all are of one; 
sex type. The movements are no more rapid or ^'excited", nor modified 
in direction than when but one sex type is present. But the usual movements 
of many individuals in many directions in a small quantity of fluid soot' 
bring some of them into acddental contact. It is then that the reaction 
occurs. The two that have come in contact, if they belong to different set 
types, stick together as if thdr surfaces were covered with an adhesive: 
material. There is no definite movement of reaction that brings about their 
contact. On the contrary, each of the two individuals is seen at first to 
try (as it were) to continue moving just as befcve, but upon contact both 
are suddenly stepped by their adhesion; or one drags the other backwards 
or obliquely, against the motion of its cilia. Only if the two anterior ends 



^Photographs of various stages in the sexual behavior described have been published 
by Jennings, American Naiuralist, Vol. 73, 1939, page 387 ; Biological Symposia, Vol 1. 
1940, page 119 and Genetics, Vol. 24, 1939, page 204, also by Sonnebom In Calkins and 
Summers' Protozoa in Biological Research, 1941, page 691. 
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liappeii to He in the same direction, as is rarely the case, do the two swim 
forward together. Any parts of the body that come in contact adhere. Two 
individuals may come in contact by their oral or abora! surfaces or by their 
rear ends, or in any irregular way; thereupon they adhere and consequently 
move irregularly, as a result of the uncoordinated action of the cilia of 
the two_ 

Two individuals thus adhering irregularly flounder about and may soon 
■ come in contact with other individuals of one or the other sex types, Sudi 
third individuals adhere irregularly to the original ones (always the adhesion 
is to the individual that is of different sex type from the new one) ; thus 
[neiw individuals are continually added^ till large masses or dots are formed, 
coataining often a hundred individuals or more. In these clots the Indi- 
viduals are in irregular contact by any parts of their bodies, though always 
any two that adhere are of different sex types. 

The large clots thus formed within three or four minutes after the 
mixture of the two sex types commonly remain seemingly unchanged for 
' one to several hours, then begin to break up. In the meantime, by shiftings 
within the mass, some pairs of individuals have come into contact by their 
oraJ surfaces and these surfaces then become firmly united. Such pairs 
lain united until the complex nuclear changes and exchanges have oc- 
irred. After these are finished the two members of the pair (in the Ciliates) 
separate and each may continue its independent life, each having now a new 
cooibination of chromcsomes formed from parts of the chromosome store 
of the two individuab that conjugated. In favorable cases each divides 
repeatedly, giving rise to a large number of individuals all having the same 
chromosome combinations and hence the same inherited characteristics. Such 
a ^oup of individuals, derived by fission from the same ancestral ex-conjw- 
gant and aU having the same characteristics, is known as a clone. 

Thus the essential processes in the mating reaction (conjugation) are: 
( 1 ) the normal active movementSj bringing individuals of different sex type 
ioto accidental contact; (2) adhesion of those that are of different sex types, 
nrhen they come in contact; (3) the gradual shifting of such individuals as 
are in irregular contact until some of them reach the normal mating position 
with oral surfaces united, axes parallel and anterior ends in the same direc- 
ticm; (4) more complete union of the oral surfaces; (5) internal changes, 
including division of nuclei and exchange of parts of them along with their 
contained chromosomes; (6) separation of the ex-con jugants and (7) their 
division into many individuals, forming a clone. 

The account just given, based primarily on Paramecium bursaria, is 
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typical for mature stocks in other species of that genus. In Euplotes pateOa 
the conjugation occurs between two individuals without the antecedent 
f<Nination of dots of many adhering individuals. In the flagellates, whidi 
are very minute, clots are formed like those in Paramecium, but the indi- 
viduals of different mating types are said to be attracted together from a 
distance. 

But many conditions alter the sexual behavior, or prevent the reactions 
entirely, rendering the behavior in a high degree discriminatory. Certain 
types of individuals react together in the way described, whOe others do 
not. The principal categories of conditions that alter the behavior are the 
following: 

1. If all the individuals present are of the same sex t3rpe they do not 
react sexually at all; do not clot together, nor unite in pairs. (Rare eisxp- 
tions to this have been described for certain species under special conditions; 
these are mentioned later). 

2. Individuals of young clones, produced by the divisicm of ex-con- 
jugants (individuals that have just completed conjugation), are immature 
and do not react sexually at all; do not conjugate untO they have reached a 
certain age. 

3. If the individuals present belong to different varietiea of the specieSi 
or to different species they do not react sexually, do not conjugate, whatever 
the sex t3rpes to which they belong. 

E^ach of these three categcNries presents points of interest, some of lAich 
are set forth in later paragrs^hs But before proceeding with these, certain 
other kinds of social behavior must be mentioned: behavior which does not 
as a rule lead to conjugation. There are two of these other types of 
behavior. 

1. One of these other types shows itself in associaticm of pairs of 
individuals in co(N:dinated moticm, yet without adhesic« and usually without 
leading to conjugation. Two individuals accidentally touch each other. They 
then move off in cocMrdinated motion, side by side, at least the cilia in 
contact, but the bodies not adhering together. They swim thus in a graceful 
spiral for a few seconds, remaining in contact, then they may sq>arate, or 
they may cc«tinue in contact, swimming together for a Icmger period. Often 
after thus moving together for a time they separate; then soon come to- 
gether again, and this alternation may be repeated a number of times, until 
as a rule they finally separate and each goes its own way. 

Yet if the two individuls are different sex types of the same variety 
the coordinated motion in contact may finally result in adhesion, union, and 
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completed ccHijugation. In some species of Ciliates indeed (Euplotes patella) 
this appears to be the usual or exclusive method of bringing about conjuga- 
tiosi, for in such ^;)ecies the preliminary formation of clotted masses does 
not occur. 

But such coordinated swimming together does not usually lead to 
omjugation, for it may occur in two individuals that are of the same mating 
type and hence do not conjugate. It may also occur in individuals that 
belong to different varieties, and in individuals one or both of which are 
immature. In all such cases conjugation does not result. 

In this behavior discrimination of individuals is seen only in the fact 
that in some cases (where the individuals belong to different mating types 
of the same variety) adhesion and coigugaticm result, whfle in other cases 
they do not. Viewed as a whole, this type of behavior might be considered 
exploratory in functions: a process of finding appropriate mates.^ 

2. The second type of reaction between individuals that does not lead 
to conjugation is seen in the toxic or lethal reactions between individuals 
of certain varieties, described by Sonnebom in Paramecium aurelia. When 
individuals of one variety are brought into close proximity with those of 
a certain other, the individuals of one of the varieties are injured: they 
spin about on the long axis, swell, and soon die. ''Two stocks produce 
Undc substances that kill animals of other stocks. The two toxic substances 
produce characteristically different effects prior to death, and each acts 
differently on the three groups of stocks of P. aurelia and on certain other 
^)ecies of Paramecium. These substances play an important role in natural 
selection, foe, when a stock that produces a toxic substance and a susceptible 
stock are grown together the latter is soon completely killed off," (Sonnebom, 
Science, November 25, 1938, Vol. 88, p. 503). 

Returning to the typical behavior that leads to conjugation, including 
preliminary adhesion into clots, the three different categories of modification 
and discrimination mentioned on a previous page show further matters of 
interest as follows: 

1. Diversity of Sex T)rpe — ^As before seen the completed sexual re- 
acrtions occur as a rule only between members of different sex types of the 
same variety. The adhesion of surfaces which is a prominent feature of 
tbese reactions is a reciprocal matter; it does not occur unless the individuals 
are of different sex types. It is a result of the difference between the two 
surfaces. 



"Figures of this behavior have been published by Jennings, Genetics, Vol. 24, 1939, 
Figure 2, page 207. 
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Moewus has elucidated the nature of these differences in the flagellates. 
He finds that the two different sex t3rpes in Chlamydcnnonas are diverse in 
the possession of certain organic chemicals, or ''sex-stuffs." These bdong 
to the group of carotinoids. One of the sex types (which Moewus calls the 
female) has a sex-stuff that is a carotinoid known as cis-crocetin dimethyl- 
ester, while in the other sex type ("male"), the sex-stuff is a modification 
of the same material, known as trans-crocetin dimethylester. By mixing 
these two in varied proportions, sex-stuffs characteristic of the different 
varieties in Chlamydomonas are produced. In the dilates no such analysis 
of the sex-stuffs has been made. 

In any variety of the flagellates, so far as examined, there are two sez 
types, so that the situation is analogous to that in the higher organisms^ 
where there are two sexes. In the Ciliates a similar situation is found in 
Paramecium aurelia, and seemingly in Paramecium caudatum; there are just 
two sex types in any variety. But in certain other COiates there are, in a 
single variety, more than two sex types. In Euplotes patella there weie 
found six diverse sex types in the stock examined by Kimball. In Para- 
mecium bursaria one variety has eight sex types; two others have four sex 
types each, while in a fourth variety there are but two sex types. In those 
cases in which there are several sex types, members of any one sex type may 
conjugate with individuals of any other sex type of the variety. 

Thus in Variety I of Paramecium bursaria there are four sex types, 
which have been designated A, B, C, and D. Individuals of the sex type A 
may react sexually with individuals of any of the other three sex types, so 
that pairs containing an individual of A may have the constitution AB or 
AC or AD. Similarly any individual of B, C, or D react sexually with any 
individual of the other three types. Thus from this variety with its four 
sex types there may be formed pairs of six different constitutions, namely, 
AB, AC, AD, BC, BD and CD. Variety II in this same species has eight 
different sex types designated respectively as E, F, G, H, J, K, L, M. 
Since members of any sex t3^e may conjugate with members of any of the 
other seven, consideration shows that from the eight sex types pairs of 28 
different constitutions may be formed, from EF to LM. In Variety III of 
Paramecium bursaria there are again four sex types, N, O, P, and Q; from 
these again pairs of 6 diverse constitutions may be formed. In Variety IV 
of the same species there are but two sex types, R and S, so that all pairs 
formed are of the same constitution, RS. Thus in the four varieties of 
Paramecium bursaria the number of pairs of diverse constitutions that may 
be formed is 6-f 28+6-f 1, or 41. 
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Any two sex types, as A and B, are dUtinguisbable by the fact that 

^^ixhei may conjugate with all other types of the variety but not with its 

<:?^m type. Thus A will conjugate with B, C and D, but not with others 

^ithat are A; B will conjugate with A, C and D, but not with others that 

^e B, and so on. 

All members of the same done (derived by fi^ion from a single ex- 
«:onjugant), are found, on becoming mature, to belong to the same sex type. 
Thus in Variety I of Paramecium bursarla^ some clones are all A, others 
^kie all B, others C, others D. This fact, that all members of a clone are 
^ike in sex type (as well as in other genetic characteristics) makes it 
\'enJent to employ the clone as the unit in experimentation and in dis- 
ourse. Clones may be mated with other clones of different sex type; a 
<done refuses to mate with other clones of its same sex type, and so on. 
ie clone thus corresponds in many ways to the individual body of higher 
ganisms. Both consist of many cells, though in the clone these cells are 
separate and may be scattered in space and time. Also the cells of the clone 
are usually all alike, while those of the body are functionally differentiated. 
But the done as a unit is of a particular sex type, as the body is of a 
I^articular sex. Like the body, the clone is at first sexually immature; later 
it is mature; still later both as a rule become aged and Anally die. 

Thus any clone is of a definite sex type and when mature, it conjugates 
^th a clone or clones of different sex type. But if no opportunity is given 
for conjugation with a clone of different sex type, the single done differen- 
tiates into two diverse sex types, which thereupon conjugate together. In 
species in which there are but two sex types, the self-differentiation of a 
done is of course into those two. In varieties which include more than 
two sex types, the differentiation of any clone produces always a par- 
ticular pair of sex types. In Variety I of Paramecium bursaria some 
clones that are of sex types A differentiate into A and B; others into 
A and C, others into A and D. In Paramecium aurelia Sonneborn 
has shown that the self-differentiation of a clone into two sex types as a 
rule takes place as a result of certain nuclear processes, known as autogamy 
(at endomixis). But in a few cases it has been established that in this 
same specie such self -differentiation into two sex types may occur during 
ordinary vegetative reproduction, without the occurrence of endomixis 
(Kimball), In some species, as in Paramecium bursaria, self-differentiation 
of a done occurs very infrequently at seemingly irregular intervals of 
usually a year or more. In others, as in some varieties of Paramecium 
^reiia it occurs at frequent intervals, of but about two to four weeks. 
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In consequence of the self-differentiation of the done into two sex 
types, the members of a single clone may conjugate together, as if thej , 
belonged to two distinct clones. The two sex t3rpes into which a done thus 
differentiates remain distinct; if they are cultivated separately the descend- 
ants of the two remain of the diverse sex t3rpes into which the done had 
differentiated. 

The conjugation that occurs within a self-differentiated done thus still 
conforms to the rule that it is members of two diverse sez types that unite 
in conjugation. But there have been described a few cases in which under 
special conditions members of the same sex types unite sexually, though 
in most such cases ccmjugation is not completed. Moewus observed in a 
species of Chlamyd<Mnonas such incomplete conjugation between members 
of the same sex t3rpe. In this species, from a dense culture in which all are : 
of one sex t3rpe the individuals (cells) are removed by centrifuging (x ; 
filtration, leaving only the fluid. If now individuals of the other sex type ; 
are treated with this filtered fluid, they are induced to dot together, just : 
as occurs when individuals of both sex types are present. But there is no | 
final complete union of the individuals, such as occurs when the two are , 
of different sex typ)e; soon they separate. j 

Similarly Sonnebom found that when individuals of Paramedum aurdia | 
belonging to two sex types are mixed, for a short time scmie individuals 
that are of the same type dot together, though in these cases as in those 
described by Moewus, completed conjugation does not occur between indi- 
viduals of the same sex typ)e. 

In Euplotes patella, however, Kimball found that in mixtures of two 
sex types, at times completed conjugation occurs between what were at the 
beginning members of the same sex t3rpe. It is possible that a temporary 
change in sex type had occurred though this appears improbable. The 
change could be only temporary, since in such cases when the two individuals 
that are in the preliminary stages of conjugation are cultivated separatdy, 
the two give rise to dones that are still of the same original sex type 
(Kimball). 

Conditions parallel to those just set forth for Paramecium aurdia and 
Euplotes patella have recently been discovered by T. T. Chen in Paramedum 
bursaria. Studies of these phenomena will be published by Chen. 

Thus in most cases conjugation occurs only between members of differ- 
ent sex types. But previous contact with members of a different sex type, 
or with fluid in which these have lived, may induce a temporary dinging 
together of members of the same sex type, or in some cases may induce 
completed conjugation. 
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We have seen in previous paragraphs that change of sex type may occur 
at sdf-di£Ferentiation of a done, through endomixis or otherwise. Changes 
of sex type occur also as a result of conjugation. The two members of a 
conjugating pair are of course (at least as a rule) of different sex t]^; 
each one when it multi[dies without conjugation produces a done of its own 
distinctive sex type. As a result of conjugation, one or both may change 
in sex type, so as to 3rield after conjugation descendants that are of different 
sex type from those produced before ccmjugation. In Paramedum aurelia, 
in which but two sex t3rpes exist in any variety, the two ex-conjugants of 
a pair may both yield dcmes of sex type I, or both may yidd dones of 
sex type II, or one may yidd sex type I, the other sex type 11. In l^ara- 
medum bursaria both ex-conjugants of any pair as a rule produce dones 
of the same sex t3rpe. But different pairs from the conjugation of the same 
two d(xies yidd in many cases, different sex t3rpes. For example, in Variety 
I with its four sex t3rpes. A, B, C and D, if many individuals of a done of 
sex type A conjugate with members of a done of sex type D, scnne of the 
pairs (which are originally all AD) produce descendants that are all of 
sex type A, others, descendants that are all of sex type D, while a few 
pairs produce descendants that are of sex type B, a few others, descendants 
that are of sex type C. The general rule in this species is that most of the 
pairs produce descendants that are in sex type the same as one or other 
of the two dones that conjugated, while a few 3deld descendants of different 
sex type from eitha* parental conjugant. Frcxn conjugants of but two of 
the four types may be produced descendants that are of three or of all 
the four types that exist. 

2. Immaturity and Maturity — ^The reaction between individuals is 
determined or modified not only by differences in sex type, as set forth 
above, but by differences in age of dones. After conjugation, in the Ciliates 
the two ex-conjugants separate and each divides vegetativdy many times, 
so as to produce a large number of separate individuals, constituting a 
done. Usually for some period, short or long, all the individuals of the 
young dones are sexually immature; they do not react sexually ncH* con- 
jugate with any other members of the variety, whether mature or not, and 
whatever their sex typ)e. The immature individuals do not differ visibly 
from mature ones except in this absence of sex reaction and of conjugation. 
The length of the period of sexual inunaturity differs much in different 
spedes and even among dones of the same variety of the same species. In 
Paramedum bursaria the period of immaturity is usually long; observed 
immature periods have varied in different cases from twelve days to many 
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months. In Paramecium aurelia the immature period is short or noo- 
existent; it varies in different cases from zero to a week or ten days. Li 
Paramecium bursaria it has been found that the length of the immature 
period depends to some extent on the nutritive conditions under which the 
individuals lived. Those that have been kept well-fed and in rapid multi- 
plication become mature much earlier than members of the same ez-coDJii- 
gant done that have been subjected to unfavorable conditions such as reduce 
the rate of multiplication. 

During the immature condition individuals may react to each other by 
the coordinated swimming in contact that was previously described, bot 
they do not adhere together and do not conjugate. As maturity approaches 
some of the individuals of the clone begin to show a weak tendency to 
adhere when they touch. This period might be called adolescence; it may 
last for weeks and include many generations. The tendency toward con- 
jugation becomes stronger, till in time the individuals show the strong aixl 
spectacular mating behavior that was before described. The new done is 
now mature. It is not till maturity is reached that it is possible to discover 
to what sex type the clone belongs. 

3. N(Mi-interbreeding Groups or Varieties — ^The complexity of the 
social life in the Protozoa is greatly increased by the fact that given species 
have not only diverse sex types, which conjugate together, but include also, 
in cases adequately studied, groups of individuals that do not intercross, 
but remain sexually and genetically isolated. Each such group has its cm 
set of sex types which conjugate together, but members of one group do 
not conjugate with members of other groups. Since members of such different 
groups do not intercross, the groups may be called varieties, though they 
may not be distinguishable by other characteristics. 

In Paramecium aurelia Sonneborn has discovered seven groups or 
varieties. Each variety has two sex types which unite in conjugation (in 
one of the varieties at last account only one of the sex types had yet been 
found). Since the sex types of the different varieties do not conjugate 
together, but each conjugates with the other sex type of its own variety, 
there must be at least 13 or 14 diversely reacting sex types in this species, 
with correspondingly 13 or 14 diverse sex-stuffs. 

In Paramecium bursaria five different non-interbreeding groups or 
varieties have been found. ^ Group cm: Variety I has four diverse sex types, 
which have been designated A, B, C and D; Group or Variety II has ei^t 
sex types, E, F, G, H, J, K, L and M; Group or Variety III has the four 
sex types, N, O, P and Q, while Group or Variety IV has but the two sex 
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types, R and S. There are indications that oat or two more varieties exist 
in this spedes^ but these have not been fully studied. Thus in the four 
weD-known groups or varieties of Paramecium bursaria there are 18 divarse 
sez typesy and oMrdatively there must be 18 diverse sez-stufiFs. 

Fertile cc«jugati(xis occur only between individuals of different sex 
types bdcmging to the same group or variety. Yet a few cases are known 
of abortive conjugations between members of different varieties. De Garis 
in 1935 induced by ingenious methods conjugation between individuak of 
Ptaunedum aurelia and Paramecium caudatum, but both members of all 
pairs died without producing descendants. Scnnebom in 1939 showed that 
a weak and partial sexual reaction occurs between certain mating types of 
two different varieties (Variety 1 and Variety 3) of Paramecium aurelia, 
but conjugation is never completed and no hybrid (^spring result. In 
P&ramecium bursaria conjugation may occur between one of the two sex 
types of Variety IV and any one of four of the eight sex types of Variety n, 
bat the ccmjugants always die without producing descendants. 

In such abortive conjugaticxis between members of different varieties 
or q)ecies, it appears that the sex-stuffs of the two must have an afl&nity for 
each other, but the stocks have become so diverse in other respects that 
successful or fertQe ccmjugation cannot occur. 

What is the relation of the, in some instances, numerous "sex types" 
of Protozoa to the two sexes of higher organisms? The two types that are 
present in the flagellates have been by Hartmann and Moewus regarded as 
identical with male and female sexes, and as illustrating the supposed 
universal differentiation of living material into male and female. The cases 
in which there are four, six or eight "sex types," as in Paramecium bursaria 
and Euplotes patdla, obviously present difficulties for this point of view. 
In order not to prejudge the question and whfle waiting for more evidence 
to accumulate, the diverse "sex types" of the Protozoa are commcmly spoken 
of by the non-committal term "mating types." Since, however, the differen- 
tiations Into types in the Protozoa is at least analogous to the differentiaticm 
of sexes, it seems appropriate to bring out this analogy by the use of the 
term "sex types"; hence this term is enq)loyed here. For the rest, one must 
wait for further evidence. 

In any case the differentiaticHi into sex types and ''varieties" and the 
change in behavior with change in age result in a social system that is 
complex. In a population of a given species there occur individuals showing 
many different kinds of behavior. There are young, immature individuals 
tbat do not react sexually; there are addescents in various grades of develop- 
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ment; there are mature individuals. Among any of these may be represented 
any or all of the varieties and sex types that occur in the species; in 

I Paramecium bursaria, for example any of the eighteen known sex types, 

I distributed into four n on -inter breeding varieties. An Individual that meets 

with these various kinds of other individuals varies its behavior in accordance 
with the place they occupy in the system. If they are of the same sex 
type as itself, whether young or mature, or if young and immature whatever 
their variety or type, or if they belong to a different ** variety" of the species, 
there may be no reaction at all; or the two individuals that meet may 
swim for a time in contact, in coordinated motion, though after a time 
they separate. If the individual met belongs to the same variety but to a 
different sex type, there is another kind of behavior; the two adhere to- 
gether and conjugation occurs. Among the 18 diverse sex types of Para- 
mecium bursaria, any individual of Variety I or Variety III wiE react 
sexually with three, but refuse to react with the other IS; an individual of 
Variety II will react with seven and reject eleven; while, an individual of 
Variety IV will react fully with but one, partially with four otherSj and 
reject completely thirteen. 

For more detailed knowledge of the organisms and relations described 
above the publications mentioned in the appended list may be consulted. 

Publications summarizing knowledge on the matters discussed on the 
foregoing paper: 

Sonneborn, T. M., "Sexuality in Unicellular Organisms," Chapter XIV, in 
Calkins and Summers' Protozoa in Biological Research^ 1941, 

Kimballj R. F., "Mating Types in the Ciliate Proioroa," Quarterly Review 

oj Biology, Vol. 18, pages 30-45, 1943. 

Jennings, H. S.j "The Beginnings of Social Behavior in Unicellular Organ- 
isms/* Leidy Memorial Lecture, University of Pennsylvania Press, 
1941, 
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1. Introduction. 

The work, an account of which is given in the followiog pages, consists 
of a study, as exact as possible, of the life activities of a single uni- 
cellular organism. So far as I know, we do not possess an even 
approximately complete account of such activities as may be referred 
to reactions to stimuli for any single cell or any single organism. We 
possess indeed many excellent researches on various forms of re- 
action in various organisms. But we are not yet able to form a 
mental picture of the continual interplay of such activities in the 
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ordioary life of any cell; the interaction of the various stimuli; the 
iDodificat ions in reaction due to the simultaneous presence of two or 
more stimuli; or the changes in reaction doe to varying life conditions 
or physiological states of the organism. Certainly a beginning has 
been made in unravelling this complicated network of activities, but 
the studies which have been made are scattered over a wide field; — 
they are extensive rather than intensive. 

Perhaps it may be said that we posses of no unicellular organism 
so full an account of the life activities as of the common infusorian 
Param€B€ium aarelia. The ease with which it may be obtained in 
great abundance and preserved in healthy condition for indefinite 
periods has made it a favourite subject fi>r investigation of the life 
phenomena of free cells. The general anatomy and functions of the 
parts of this organism are treated fully in the test-books and manuals. 
The nuclear phenomena in conjugation and division have been made 
the subject of elaborate studies by distinguished investigators. Turning 
to more purely physiological matters, the digestive processes of Para- 
mcecium have been studied by Greenwood and Saunders and 
others; the effects of a lack of oxygen, and of an atmosphere of carbon 
dioxide by Loeb and Hardesty; the effect of various chemical 
reagents by Schurmayer, Bokorny and others. The reaction to the 
electric curreot has beeu described by Verworn and by Ludloff: 
geotaxis by Jensen; thermotaxis by Mendelssohn. Cbemotactic 
and tonotactic movements have been the subject of scattering notices 
by various authors*. The prospect for gaining a fairly full general view 
of the life activities of this organism is perhaps as favourable as for any 
thai can be named : it was therefore selected for further study. 

Of the above-mentioned reactions, not all have been studied in any 
seose fully. Electro taxis, geotaxis and thermotaxis may be considered 
aE having been placed on a solid basis by the systematic investigations 
of Verworn and Ludloff; Jensen, and Mendelssohn. The other 
reactions mentioned— chemotax is and tonotaxis — ^are known only from 
scattered and partly incorrect notices in the works of various authors. 
It L8 the purpose of the present paper to present a systematic account 
of these and certain other reactions. 

In discussing motions which occur as responses to stimuli, two sets 

of terms are used by different authors, one set having the termination 

'taxis or -tadic, the other ending in -tropism or -tropic. I shall use 

throughout for the reaction movements of the free iufusorian Para- 

^ For refenenoes see end of Paper. 
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moecium the termiaations -tactic and -taxis, speaking thus of cheinotaxis, 
electrotaxis and the like, instead of chemotropism, electrotropism, etc, 
often used in the same sense. Positive taxis signifies a tendency to 
move toward a source of stimulus ; negative taxis a tendency to move 
away from such a source. 

The reactions to be described are somewhat complicated by the 
interplay of different stimuli, so that it is difficult to give an account 
of the phenomena due to any one stimulus without at the same time 
treating of activities due to different causes. The difficulty in pre- 
sentation thus caused will perhaps be best avoided by the following 
procedure. I will first give an account of the phenomena observed 
under certain simple conditions. The complex of phenomena presented 
in this " introductory experiment " will then be analysed into its simple 
components, — that is, into activities due to simple stimuli, and each 
of these simple reactions will then be treated at length, with details 
of experiments and other proof of the correctness of the analysis. The 
Paramcecia used in the experiments were procured in the customaiy 
manner. A handful of hay or grass is placed in a jar and covered with 
hydrant water. In a few weeks the solution of decaying vegetable 
matter swarms with Paramcecia. In such a jar they may be kept for 
indefinite periods in almost unlimited numbers. 

Introductory Experiment. 

The phenomena which we wish to study will be best brought before 
us by the following simple procedure. A large number of ParamoBci& 
are removed from the culture jar by means of a pipette, and placed, 
together with a small bit of decaying vegetable material or a mass 
of bacterial zooglea from the same jar, on a glass slide. The drop of 
water containing Paramcecia is then covered with a cover-glass resting 
upon glass rollers or other convenient supports. The preparation thus 
made is shown in Fig. 1. 

At first the Paramcecia are distributed uniformly throughout the 
preparation, as shown in Fig. 1. In a few minutes however we observe 
a noticeable gathering of the infusoria about the bit of decaying 
material. This increases in number and density : the Paramcecia press 
close against the decaying material, and soon all the infusoria in the 
preparation (with individual exceptions) are gathered in a dense mass 
about it. The preparation now presents the appearance shown in 
Fig. 2. As many as possible of the animals press their anterior ends 
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agaioat the decaying substance: the rest crowd in behiod, trying to 
get as cloae as possible. 

After some minutes we notice that the dense mass of Paramoecia 
about the decaying material is becoming looser. The Paramoecia begin 
to separate; they no longer remain closely pressed against the bit of 
material, but swim hither and thither. However, they do not swim 
away freely, but remain confined to a small round area in the immediate 
i€gioii of the decaying mass. Very slowly the area becomes larger, 
but remains clearly defined, with a distinct boundary which the 
Paramcecia do oot pass. Most of the infusoria are gathered at the 
boundary of the area; some few swim back and forth within it, while 




Fig. 1 
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Fig. 2 



Fig. 3 



Fig, 1. Paramoecia wliioh have juBt been eOTcred "with a corer-glaes. a Bit of 

dccs^jing vegetable matter. 
Pig, 3. Same preparatioD ehovm in Fig, 1, ten tmnnim later. 
Fig. 3. The same preparation ibown in Fige. 1 and 2, a half hoar after the 

condition shown in Fig. 2. 

scarcely a single specimen will be ^und outside the area, A swimming 
individual starting to pasa the outer limit stops suddenly, as if pre- 
vented by an invisible barrier, and remains or turns back. The limits 
grow on all sides slowly and steadily, the area thus retaining its regular 
form, A stage in this process is represented in Fig. S. The area 
continues to increase in size, and after some time it reaches the edges 
of the cover-glass. The Paramcecia then form a narrow band about the 
periphery of the preparation. 

If the above prepamtion has been made in aacb a way that a 
ooostant electric current can be passed, by the use of unpolarisable 
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electrodes, through the water containing the ParamcBcia, certain very 
peculiar phenomena may be observed in the reactions of the infusoria 
to the current. If the electric circuit is closed at the beginning of the 
experiment, when the Paramcecia are distributed throughout the prepa- 
ration (Fig. 1), we obtain the typical reaction described by Verworn 
(1889 (a)). The Paramoecia all swim with one accord to the cathode 
side of the preparation. If the current is reversed the Paramoscia 
swim to the opposite side. Opening the circuit, the Paramoecia dis- 
tribute themselves again uniformly throughout the preparation. 

If the electric circuit ia agaio closed after the Paramoeda have 
gathered close about the bit of decaying vegetable material (Fig. 2), 
no visible effect is produced. The Paramoecia remain gathered about 
the decaying mass and show no response to the current. My attention 
was called to this striking phenomenon by Professor Verworn, and 
it formed the starting point for my investigations. 

The circuit may now be opened and the normal development of 
the preparation observed fisurther. If the circuit is again closed at the 
stage shown in Fig. 3, we obtain a still different result. The Paramoecia 
start in the direction of the cathode, but at that boundary of the circukir 
area which lies next to the cathode they stop. If the current is con- 
tinued all the Paramoecia gather in a mass at the cathode side of the 
area, seeming to make vain efforts to cross the invisible boundary. 
The area has now entirely disappeared, since the Paramoecia are all 
collected at one spot on its cathode side. If now we reverse the 
current, the Paramoecia start in the opposite direction, but are again 
stopped by the invisible barrier, which lies at exactly the spot which 
previously formed the limit of the area on this side. Opening the 
circuit, the Paramoecia again distribute themselves in the area, chiefly 
about its margin, presenting anew exactly the appearance shown in Fig. 3. 

What now is the meaning of this peculiar drama? Why do the 
Paramoecia gather about the bit of decaying vegetable material, placing 
themselves in contact with its surface ? Why do they not respond to 
the electric current under these conditions ? Why do they soon begin 
to leave the mass, which they first crowded upon with so much ardour? 
Why do they then remain in a clearly defined growing area, gathered 
at its boundaries, but not overpassing its invisible limits even when 
urged by the electric current? 

We will consider first the question. Why do the Paramcecia gather 
about the bit of decaying vegetable material ? The conjecture which 
lies nearest is, that we have here a case of 
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2. Chemotaxis. 

Before entering upon a series of experiments to determine the 
truth of the above conjecture, let us review briefly what is known of 
chemotactic phenomena in Paramoaoium. Yerworn (1889, p. 108) and 
Loeb und Hardesty state that Paramoecium is positively chemotactic 
toward oxygen. Pfeffer, Verworn, and Massart (1889, p. 658) state 
that they do not find the Infusoria Ciliata to be positively chemotactic 
toward other chemical agents. Loeb und Hardesty state that Para- 
moeoia are negatively chemotactic toward carbon dioxide, and Loeb 
und Budget that they are negative toward acids and alkalies. 
Massart (1889, p. 358) on the other hand says that in accordance with 
his own researches and those of Pfeffer, the Ciliata are "absoluroent 
insensible" to chemical substances. He explains their tendency to 
move away from solutions of chemical substances as due to tonotaxis, — 
that is, it is the result of differences in osmotic pressure, and has 
nothing to do with the chemical quality of the solutions. We might 
infer from the above summary that the only facts regarding chemotaxis 
that can be stated with any degree of certainty are (1) that Paramoe- 
cium is positively chemotactic toward oxygen ; (2) that it is probably 
negatively chemotactic toward CO, 

It now remains to test the matter by experiment. For this 
purpose results were obtained by two methods. The first is Pfeffer's 
method of the introduction of capillary tubes containing the sub- 
stance in question beneath the cover-glass of a preparation, or into 
a vessel, containing Paramoecia. If the animals are positively chemo- 
tactic to the substance in the tube, they gather into its open end. 
Many experiments were tried in this way, but a second method was 
found to give results incomparably quicker, more definite, and more 
reliable. The Paramoecia are placed on a glass slide and covered by a 
supported cover-glass as described in the " Introductory Experiment." 
A pipette is drawn out at the end into a capillary tube of sufficient 
fineness to pass between the slide and cover into the water containing 
the Faramoeda. The latter swim at first hither and thither in every 
direction, so that no portion of the preparation is left free. Now a 
drop of the fluid to be tested is taken up with the capillary pipette 
and introduced beneath the cover-glass into the preparation (Fig. 4). 
The drop fills the space between slide and cover, and spreads out into 
a round disk, so that it is in contact only by the very thin edge of the 
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disk with the surroundiDg water ; it therefore diffuses only very slowly, 
as may be seeu by introducing a drop of some coloured fluid. The 




Method of testiog the behayioor of ParamcBoinm toward chemioal sabstanoes. 

Paramoecia in their random hither and thither swimming of coarse 
begin at once to come in contact with the edge of the drop, whereupon 
their conduct toward the substance of which the drop is composed may 
be observed When I speak later of a drop of fluid being introduced 
beneath the cover-glass it will be understood that it was done in the 
way just described. 

The first question to be tested is, Are the Paramoecia positively 
chemotactic toward the decajring vegetable material of the culture jar? 
Since Paramoecia taken from the culture jar are already bathed on all 
sides by fluid from this decaying vegetable material, they cannot be 
used at once for a decisive test of the question ; before a test can be 
made they must be brought into water containing none of this fluid. 
To accomplish this, I have used a method similar to one described by 
Ludloff (p. 529) as a convenient way of bringing many Paramoecia 
into a small amount of water. A glass tube 1^ cm. in diameter and 
80 cm. in length, closed at one end, was filled about half full of fluid 
from the culture jar, containing large numbers of Paramoecia. The 
remaining half of the tube was filled with hydrant water, and the tube 
allowed to stand in an upright position. The Paramoecia, being nega- 
tively geotactic, rise to the upper end of the tube into the hydrant 
water. They are then poured into another vessel, the tube emptied 
and thoroughly cleaned, and the Paramoecia restored to the lower half 
of the tube. Hydrant water is again added in the upper half and the 
Paramoecia rise into it as before. This may be repeated as often as 
thought necessary, till the Paramoecia are washed entirely free from the 
fluid of the culture jar. 
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Fig. 5 



A quantity of this pure hydrant water containing PararaoBcia is 
then placed on the slide and covered in the ordinary way. The Para- 
moecia scatter uniformly throughout the preparation. Some fluid is 
now drained from the decaying vegetable material of the culture jar 
and filtered, A drop of this filtered fluid 
is then introduced beneath the centre of 
the cover-glass. The Paramo&cia begin at 
once to gather in the drop» In a few 
imnutes there is a marked collection of 
iudividualfi in this region^ and after a 
short time all the Paramoecia in the pre- 
paration, Tsath individual exceptions, are gathered in the small circular 
area which marks the spot where the drop was introduced (Fig, 5), 
the rest of the slide being quite empty. 

Similar results were gained by introducing capillary tubes con- 
tainiug filtered fluid drained from the decaying vegetable material of 
the jar into vessels of hydrant water containing many Paramcecia. A 
typical experiment of this sort is as follows. ParamoQcia in hydrant 
water are placed in a shallow watch-glass. Into this glass are then 
introduced pieces of capillary tubing, some containing filtered fluid 
iioin the culture jar, the others hydrant water. These are arranged 
in pairs, each pair consisting of two tubes of the same length and 
diameter, lying side by side, one containing the fluid from the jar, the 
other hydrant water. In about three-quarters of an hour the ends of the 
tubes containing fluid from the culture jar are crowded with Para- 
mcecia, while the others are empty. 

Paramoecium aurelia in hydrant water thus tends to gather into 
areas or tubes containing water from a culture jar of decaying vegetable 
material Apparently the infusoria are positively chemotactic toward 
such material In order to avoid misconception, I may state at once 
that this conclusion is shown by the remainder of the investigation to 
be false, and the results gained by the above experiments are to be 
explained in an entirely different manner, as will be set forth in due 
time. 

Experiments were now tried with many other substances, using 
both the above methods. The latter method — introduction of capillary 
tubes into a vessel containing many Paramoecia — is not at all reliable, 
so that I gradually ceased to use this, and my results depend almost 
entirely upon experiments with the other method. Certain reasons 
why the capillary tube method is unreliable will be given later. 
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With ParamcBcia in hydrant water a filtered extract of meat was 
tested. This was prepared by boiling a bit of lean beef in water and 
filtering off the fluid. The Paramoecia gather into a drop of this 
exactly as into a drop of the fluid from the culture jar. Meat extract 
prepared by soaking lean meat in cold water acts in the same way, as 
does also liebig's meat extract. 

The infusoria were also positive toward rancid otls, such as rancid 
olive-oil and rancid cod-liver oil. Paramcecia gather quickly into a 
drop of water which has been well shaken up with such oils and 
introduced beneath the cover-glass of the Paramoecium preparation. 

With many other substances no such gathering occurred. Cane 
sugar, salt, a pepsin solution, putrid meat juice, putrefying gelatine, 
saliva, egg albumen, all gave negative results: the Paramoecia were 
either indifferent or repelled by these substances. 

The same results were gained with all the above substances if the 
Paramoecia tested were left in the water from the culture jar instead of 
being brought into hydrant water. 

The positive results gained with rancid oils suggested that the 
active attractive principle was some member of the fatty acid series. 
I determined therefore to test various members of this series. During 
the short delay necessary for getting samples of the acids desired, 1 
directed my attention to certain other phenomena, the study of which 
placed the whole problem in a new light. As previously stated, 
Massart (1889, p. 558) maintains that the apparently negative chemo- 
taxis of the ciliate infusoria is not really chemotaxis at all, but is due 
merely to differences in osmotic pressure between the fluid the animals 
are already in and that of the fluid introduced ; the motions due to 
this stimulus he calls tonotaxis. Desiring to test this matter for 
Paramoecium, in the case of substances apparently negatively chemo- 
tactic, I undertook first to determine the weakest concentration to 
which the Paramoecia are negative, in the case of some strong chemicaL 
For this purpose copper svipfuUe was selected : the saturated solution 
was diluted until experiment proved that it was not quickly fatal to 
Paramoecia introduced directly into it, and tests were made with this. 
The strength thus used was ^ 7o of ^^® saturated solution ; a drop of 
this was introduced beneath the cover-glass of a Paramoecium prepara- 
tion (cp. Fig. 4). 

The Paramoecia were, contrary to all expectation, distinctly posi- 
tively tactic to the copper sulphate. They formed a dense collection 
about the margin of the drop, but did not enter into its centre, being 
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apparently negatively tactic to the stronger solution within. The 

mfusoria seemed not to be injured at all by the fluid forming the 

margin of the drop, but were much excited, swimming hither and 

thither with great rapidity, but not leaving the drop of copper sulphate. 

In view of this surprising result with copper sulphate a number of 

other gtrong chemicals were tested, some with positive, others with 

negative results. Without going at this point into details, I will give 

here a table showing in general the results gained with the chemicals 

tested. Positive taxis is indicated by the sign ( 4- ), negative taxis by 

the sign ( — ). The Paramoecia were tested in the fluid from the 

culture jar. Solutions of the chemicals naade up both with distilled 

water and with water from the culture jar were tried : the same results 

were gained by both methods. 
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Sodium bicarbonate 
Potassium hydroxide 
Sodium hydroxide 
Potassium bromate 
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Mercarie chloride 
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From the table it appears (1) that all acids tested were positive 

(that is, attractive) in a weak solution j negative in a strong solution : 

(2) that all alkalies tested were negative in whatever strength used: 

(3) that some salts act positively, othem negatively. Those salts which 
are attractive in a weak solution give an acid reaction (CuSOi and 
HgCl,) ; salts giving an alkaline reaction are negative, as are also certain 
neutral salts. 

I now undertook to determine the weakest solution of certain of 
these chemicals, to which the Paramcecia show sensibility. The first 
substance thus tested was sulphuric acid. The concentrated solution 
was mixed with distilled water and the solutions thus gained were used 
in testing the Paramoecia, the latter being in water from the culture 
jar. 

The Pararacecia seemed to show a perfectly astounding sensitivc- 
neas to the dilute H^O^. Solutions of j^ V,, ^^ % :f^j,% ^^%, 
jj^y^, were successively used; in every case the Paramcecia showed 
strong positive taxis, gathering quickly into the introduced drop. 
Finally, as a control, a drop of pure distilled water was introduced in 
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the ordinary way. The Paramoecia showed strong positive 
taxis to the distilled water. They gathered into the drop, 
forming a dense collection, exactly as shown in Fig. 5. 

This result set the entire problem in a new light, and compelled a 
re-interpretation of all previous observations. To say that the Para- 
moecia are positively chemotactic toward distilled water is meaninglees ; 
we must reverse the statement and say that Paramoecia are nega- 
tively chemotactic toward the fluid of the culture jar in 
which they live. 

We have seen above that the infusoria are negative to all alkalies 
and positive to acids. The fluid of the culture jar in which the 
Paramoecia live shows with litmus paper a distinctly alkaline 
reaction. Thus however remarkable it may seem that Paramoeciuni 
should be negatively chemotactic to the fluid in which it lives and 
thrives, the reaction stands in entire agreement with the behaviour 
of the animal toward other reagents. 

The conclusion is further reinforced by the exact method in which 
the Paramoecia react to the various substances tested. Certain features 
are common to all the experiments. Suppose a slide and cover pre- 
paration has been made, in which the Paramoecia are distributed 
uniformly, and a drop of some substance is introduced as in Fig. 1 
The behaviour of the Paramoecia at even a slight distance only ^otn 
the drop is not thereby influenced in the least : the drop has no effect 
at an appreciable distance from its evident margin. But all the 
Paramoecia continue to swim hither and thither at random, and in a 
remarkably short time almost every individual under the cover-glass 
will have, come in contact with some part of the drop. There is 
however no swimming in straight radial lines to the drop as a centre. 
It is only as the Paramoecia come by chance in contact vdth the drop 
that their conduct toward the substance of which it is composed can 
be observed. 

With this preliminary general statement, we may now study the 
conduct of the Paramoecia on coming in contact with (1) a drop of 
distilled water, (2) a drop of weak acid, (8) a drop of alkali. The Para- 
moecia in every case are in the natural water from the culture jar, 
having an alkaline reaction. 

Suppose therefore that a drop of distilled water is introduced, A 
Paramoecium in its random swimming comes against the margin of the 
drop. Just what happens here varies with individuals ; some make a 
sudden pause, often jerking back a fraction of their own length, then 
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passing into the drop ; others show not the slightest hesitation of any 
sort at the boundary. In any case the animal continues its course with 
undiminished rapidity until it comes to the opposite boundary of the 
drop, where it would naturally pass out into the culture fluid again. 
Here it leaps back perceptibly, — the eflFective stroke of the cilia being 
reversed in direction, — turns, and swims in another direction. Again 
meeting the boundary it draws back, turns again, and swims till it 
again strikes the boundary. It thus continues to swim about in the 
drop as if caught in a trap, the changes of motion indicating always 
negative chemotaxis to the surrounding fluid. Fig. 6 represents 
the course of a single Paramoecium entering a drop of distilled water 
and remaining as above described. In a short time the drop thus 
becomes crowded with individuals, and the preparation shows exactly 
the appearance represented in Fig. 5. 

If in place of distilled water we introduce a drop of j^Vo HaS04 

the conduct of the Paramcecia is somewhat different. On swimming 

by chance against the edge of the drop the animal suddenly reverses 

its cilia and swims a long distance straight backward, often ten times 

its own length, or much more. It then either starts off in another 




Fig. 6 



Fig. 7 



Fig. 6. Ck>nrse of a ParamcBoimn in a drop of distilled water. 
Fig. 7. CSonrse of a Paramoaoinm about a drop of y^ ^/^ Bulphoric acid. 

direction, in which case of course it leaves the drop entirely, or it 

swims straight forward again to the margin of the drop. Here the 

reversal of the cilia occurs again, but the animal generally does not 

swim so fSsbr backward as before. This may be repeated a number of 

times, until finally the Paramoecium does not reverse its cilia and swim 

backward on striking the drop, but merely turns away and swims in 

another direction. Here however it comes to another invisible boundary 

at a slight distance outside of the evident margin of the drop of acid, 

from which it turns again toward the interior, — turns from this as at 

jSrst only to meet the outer boundary again, and thus it continues to 

swim in a ring about the drop of acid, repelled by both the inner and 
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outer boundary of the ring. The course of a Paramcecium in such 

a case is shown in Fig. 7. As the surrounding medium is alkaline 

while the drop itself is acid, it appears that the ring to which the Paia- 

moecia are confined must be nearly or quite neutral in reaction. The 

outer boundary indicates negative chemotaxis toward alkaline fluid: 

the inner boundary indicates negative 

chemotaxis toward (strong) acid. Such 

a ring becomes in a few minutes densely 

crowded with Paramcdcia; Fig. 8 shows a 

preparation into which was introduced five 

minutes before a drop of j^V© HjS04. 

If a very weak solution of H^SO* is used ^- ® 

—about ttJItt Vo — the Paramoecia act toward ParamoBda gathwed in a cloae ring 

it exactl^s toward distaied water. If tf about . d«.p of ,J, »/. h^o. 

very strong solution of acid is used, the results above described are 

modified in one respect. Many of the Paramoecia, swimming t^ 

violently against the inner boundary of the ring are there killed by 

the strong acid before they can swim away, so that the inner boyndary 

is indicated by a zone of dead Paramoecia. 

Essentially similar results are gained by the use of proper degrees 
of concentration of any of the other acids mentioned, or with the acid 
salts, copper sulphate or mercuric chloride. 

If after the Paramoecia have gathered in the drop of weak acid 
or of distilled water the constant electric current is passed through 
the preparation, the same results are gained as described on p. 262, fof 
the group formed in the " introductory experiment." The Paramcecift 
swim to the cathode side of the drop, but no further; nor can they ba 
forced over the boundaries of the drop without a very strong and long- 
continued current. If the substance is a drop of stronger acid, so that 
the Paramoecia are confined to a ring around the outside of it, being 
negative to the centre (Fig. 8), when the electric circuit is closed the 
Paramoecia do not swim across the drop, but follow around its circum- 
ference, from one side to the other. 

Finally, if we introduce into a preparation a drop of some alkali 
— for example, a ^ 7o solution of KOH, in place of the distilled wat^ 
or the acid, an entirely different result is gained. The Paramoecia on 
coming in contact with the margin of the drop, reverse their qH^ 
though much less violently than in the case of a strong acid, and jeib 
back, perhaps a fraction of their own length. At the same time they 
turn and swim in another direction. The drop thus remains entm:!; 
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Pig. 9 



Preparation into which was intro- 
ducfsd 10 mioutas befure, a drop 



empty: there is no collection either within it or at its margins. The 
Paramoecia are not injured by it as they are by an equally powerful 
acid, because they form no gathering about 
its margin and therefore do not venture 
too deeply into it for safety* 

The same results are gained by the 
use of other alkalies or salts having an 
alkaline reaction. Fig. 9 shows the effect 
of the introduction, 10 minutes before, of 
a j^Vo solution of Na,CO^. 

In hydrant water the results are the 
same and possibly even more pron<>unced 
tban in the water from the culture jar, as the Paramoecia are even 
more strongly negative to the hydrant water. This is demonstrated 
by testing ParamcBcia in culture water with hydrant water ; they are 
negatively chemotactic to it. The converse experiment — the intro- 
duction of a drop of water from the culture-jar into a preparation of 
Parameeciain hydrant water — givea the opposite results; the Paramcecia 
in hydrant water are positively chemotactic to the fluid from the culture 
jar. The hydrant water in Jena is strongly impregnated with calcium 
carbonatei and gives a distinctly alkaline reaction with litmus paper, 
so that negative chemotaxis toward it is what might be expected, 

I must mention here a peculiar variation in the results gained, 
which at first caused confusion in my own observations, and would 
doubtless do the same in the case of anyone repeating these experiments. 
The Paramcecia in the culture jars are not distributed uniformly in the 
water, but are gathered in dense collections, — on the decajing vegetable 
matter just below the surface of the wafcer^ as well as forming a broad 
white line on the walls of the vessel a few millimeters below the water 
surface. If for making the tests Paramcecia are taken by means of a 
pipette directly from one of these collections, and brought in the same 
pipette under the cover-glass, results entirely different from those above 
detailed will be gained on the introduction of a drop of the various 
chemical reagents. The Paramcecia show themselves under these 
circumstances distinctly and strongly negative to every substance intro- 
duced, including distilled water and acids. If however the ParamcBcia 
on being removed from the culture jar, are brought fii^t into a watch- 
glass, and are there thoroughly stirred up and brought into contact 
with the air, by the use of the pipette, and the tests are then made 
with slide and cover preparations of these Paramcecia, the results gained 
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are those above described. The negative results gained when the 
ParamcBcia are not thus stirred up are due to the presence in the water 
of a volatile substance to which they are much more strongly positive 
than to any of the solutions introduced. This is shown by their 
beginning at once to gather into groups in different parts of the prepa- 
ration, avoiding throughout the introduced drop. To determine what 
this volatile attractive substance is, is one of the chief objects of this 
portion of the paper. 

We may summarize our results up to this point as follows: The 
Paramoecia live in a fluid having an alkaline reaction. They are 
negatively chemotactic to this fluid and to all other alkaline fluids. 
As a result of this negative chemotaxis, they gather into a drop of 
distilled water introduced into the fluid in which they live. The Para- 
moecia are also negative to strong acids, but gather quiqkly into a 
weakly acid fluid introduced into the alkaline water in which they 
liva Whether this is because the Paramoecia are really positively 
chemotactic to the acids or only gather in a region where the acid 
neutralizes the alkali of the surrounding fluid is not yet determined. 

The next question for determination is therefore whether the Para- 
moecia are really positively chemotactic toward acids, or whether all the 
phenomena observed can be explained by the negative chemotaxis 
toward alkalies. In order to test this question the Paramoecia must 
first be brought into ali entirely neutral medium, — that is, into 
distilled water. 

The infusoria are easily brought into distilled water by the use 
of the glass tube, taking advantage of the negative geotaxis of the 
animals, as described on p. 264 ; distilled water is simply substituted 
for hydrant water in the procedure there described. The Paramoecia 
are not appreciably harmed by the transfer and live in the distilled 
water for weeks, seemingly as lively as ever. In the first one or two 
days after the transfer is made the animals are excessively sensitive 
to all chemicals, showing marked negative chemotaxis to almost all 
substances tested, and positive chemotaxis to almost none. But after 
three or four days or a week in distilled water the conduct becomes 
quite normal, except that they are much more sensitive to chemical 
agents than under normal circumstances. 

Slide and cover preparations were made as before, with the Para- 
moecia in distilled water, and the same substances were re-tested under 
these circumstances. This is a piece of work requiring great pains and 
much time. The sensitiveness of the Paramoecia to chemical reagents 
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b so increaBed that solutions of acids which formerly acted positively 
BOW have a distinct negative eflFect In order to bo certain whether 
positive chemotaxis towai-d a given substance occurs at all or not, 
many experiments are necessary to discover the precise degree of 
concentration which acts positively* This is further coniplioated by 
a peculiar fact. After the ParamoBcia have remained some days in 
distilled water, they become positively tactic to distilled water in which 
Paramoecia have not lived. The explanation of this fact is probably 
that the distilled water containing many ParamcBcia becomes slightly 
contaminated by matter excreted by the animals. I have tested such 
water carefully with litmus paper, but was unable to discover any 
evidence of its having gained an alkaline reaction. Howeveri the fact 
renders it inadmissible to mix the reagents with ordiDary distilled 
water, since of course if the concentration of the substance to be tested 
is lowered to such an extent that it becomes entirely ineffective, the 
pomiim reaction due to the simple distilled water is gained, leading 
to false conclusions. 

It was therefore necessary to mix the reagents with the saii\s water 
in which the Paramcecia to be tested are swimming. The only certain 
method is to have the Paramoecia, in distilled water, in a vessel of 
some size ; then to remove from this same vessel with a pipette water 
(contaioin*^ Paramoecia, of course) for mixing ^Yilh the reagents. It is 
even necessary to keep the vessel thoroughly stirred up, as otherwise 
the Paramcecia in one part of it may become positively or negatively 
tactic toward water from a different part of the same dish, — a peculiar 
fact of which the explanation will be given later* 

Howeverj all these precautions being observed, the following results 
are gained. Toward all the substances given in the list on page 283 
to which the Paramoecia in the water from the culture jar were negatively 
chetiiotactic, the Paramcecia in distilled water are likewise negatively 
cbemotactic* In the latter case the negative chemotaxis is more powerful, 
inasmuch as solutions which are so diluted as to be entirely ineffective 
in the former case^ are strongly negative in effect if the Paramoecia are 
in distilled water. 

Toward substances vriith regard to which the Paramoecia in the water 
from the culture jar are positive, the Paramoecia in distilled water are 
likewise positive. But in the latter case the positive chemotaxis is 
much ima&er than with Paramtecia in water from the culture jar. The 
positive chemotaxis occurs, when the Paramoecia are in distilled water^ 
only with very weak solutions, and all stronger solutions of the same 
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substance act negatively. Moreover, the collections of Paranioeci* 
formed are scarcely so dense and often do not last so long as in the 
previous experiments. 

The greatly increased sensitiveness in distilled water, indicated by 
the changed chemotaxis, is shown also in another way. Chemical 
solutions which had almost no injurious effect on Paramcecia under 
natural conditions, are quickly fatal to Paramoecia in distilled water. 

We may conclude from the foregoing series of experiraeots that 
Paramoecium is, (1) positively chemotactic toward substances having a 
weak acid reaction; (2) negatively chemotactic toward alkalies and 
some salts. The results given in the beginning (page 266) for certain 
complex substances readily take their place under this view. Bancid 
oils have of course an acid reaction, and the same is true of extract 
of meat ; hence the positive chemotaxis toward these substances. The 
apparently positive chemotaxis of Paramoecia in hydrant water to fluid 
fix)m the decaying vegetable material in the culture jar is seen to be 
only an expression of the fact that they are less strongly negative 
to the water of the culture jar than to the hydrant water. Paramcecia 
in distilled water are strongly negative both to water from the 
culture jar and to hydrant water, these both having an alkaline 
reaction. 

Relation of Chemotaxis to TonotaxiSy and the actual rSle played by 

Tonotaxis. 

There remains undecided, however, the relation of the phenomeut 
described to Massart's tonotaxis. Probably no one would invoke the 
aid of tonotaxis to explain what I have described above as positm 
chemotaxis. But is not what I have heretofore spoken of as negative 
chemotaxis perhaps of the nature of Massart's tonotaxis ? Tonotaxis 
signifies a motion of free organisms as a reaction to a stimulus due to a 
change in the osmotic pressure of the surrounding fluid. 

It supposes that when an organism is living normally in a fluid 
of a certain osmotic pressure an increase in this osmotic pressure will 
cause fluid to pass out of the organism, a decrease in this osmotic 
pressure will cause fluid to pass into the organism, and that the passage 
of fluid in either case is a stimulus to the organism causing it iQ 
move. 

The question, therefore, which we wish to decide is, whether the 
negative taxis of Paramoecium in coming into contact with solutions of 
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various substances is due to the osmotic pressures of the solutions or to 
their chemical characters. Obviously the way of testing this is to 
determine how far the reactions of the Paramoecia vary with variations 
in the osmotic pressure, and how far they vary with variations in the 
chemical nature of the surrounding fluid. 

In working this out the method I have followed is to find the 
weakest solution of any substance Ay to which the Paramoecia show a 
recognizable negative taxis, to determine the same point for a second 
substance B, and then to compare the osmotic pressures of the two 
solutions. If the two solutions have the same osmotic pressures, i,e> 
are isotonic, the evidence is in favour of the theory that the taxis is 
the result of the osmotic pressure, otherwise not. 

In estimating the percentage of a substance B which is isotonic to a given 
percentage of a substance A^ I make use of the formula 
(molecular weight of J5) {% oi A) 
(molecular weight oi A){i of E) ' 
and of the molecular weights and values for i given in the following Table. 
The values for i I have taken from the works of de Yries, Hamburger, 
Koppe and Arrhenius. The variations from the true value which there 
may be in some instances are too slight to affect the results obtained in this 
investigation. 



p.c. of A 



= p.o. of ^, 



Table I. Suhstaneea tested /or Tonotaaeia. 
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Potaannm hydroxide 
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Ethyl alcohol 


46 
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Sodium hydroxide 


40 


1-92 


Chloral hydrate 
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1-09 


Snlphoric acid 


98 


2-12 


Cane sugar 
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Hydrochloric acid 


365 


1-94 


Dextrose 
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1-00 


Sodiom chloride 


58-6 


1-66 


Mannite 
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100 


Sodiam carbonate 


106 


2-20 


Glycerine 


92 


I -00 


PotaaBiuin bromate 


167 


[1-61] 


Urea 


60 


1-00 


Copper sulphate 


249 


116 









The experiments were carried on by means of the slide and cover 
preparations and introduced drop (cp. Fig. 4). The solutions were 
made by dissolving the proper proportions of the substances by weight 
in distilled water : thus a 2 7o solution would signify a solution made 
by adding 2g. of the substance to be tested to 98 cc of water. 
Throughout the experiments I have used a solution of ordinary salt 
(J^aCi) as a standard with which to compare other substances. This 



276 H. 8. JENNINGS. 

substance was chosen as a standard for several reasons. It has a 
decidedly negative action wherever present in effective quantities. 
But this negative action is not violent, so that the solutions become 
ineffective without being excessively diluted ; this seemed to indicate 
that the action might be purely osmotic in nature, making it a 
favourable substance for comparison with others. Of course this 
adoption of a standard is purely a matter of convenience ; the geneial 
results will be the same whatever the standard used. 

The experiments are much more difficult in the execution, if 
accurate results are to be obtained, than might appear at first. The 
plan is as follows. Paramo&cia in the water of the culture jar or in 
hydrant water are positively tactic toward distilled water, so that if a 
drop of distilled water is introduced with the capillary pipette, it is 
quickly filled with Faramoecia. If, however, some substance to which 
the Faramoecia are negatively tactic is dissolved in the distilled water 
the drop remains empty on being introduced into the preparation. 
Exactly that concentration must now be sought out to which the 
Faramoecia are nearly or quite indifferent : that is, such a concentration 
that they enter the drop on coming in contact with it, but do not form 
a collection within it. If a higher concentration is used they will not 
enter the drop, while if a lower concentration is employed they act 
toward it as toward a drop of distilled water. This indifference point 
can be determined with a close approximation to accuracy. But it 
is not possible to determine this point for any standard substance, as, 
say, NaCl, once for all, because of the great variations in reaction under 
varying circumstances. Among the many circumstances to be taken 
into consideration are the following. First, the Faramoecia in the 
culture fluid are not always positive toward distilled water, so that this 
point must be carefully tested beforehand. Of course if the experiments 
are carried on with Faramoecia that are negative to distilled water it is 
impossible to determine the point where the negative action of the 
substance in solution ceases. Secondly, having tested the Faramoecia 
and found them positive to distilled water — they may soon become 
negative to it if they are not prevented by occasionally stirring them 
up thoroughly. Thus the later members of a series of experiments will 
show entirely different results from the first ones, and the entire series 
is rendered worthless through a neglect of this precaution. Thirdly, 
Faramoecia at different times and under different circumstances show 
an entirely different degree of sensibility to the same solution. These 
remarkable variations will all find a satisfactory explanation at a later 
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point in the investigation. Fourthly, the reaction depends to a certain 
extent on the thickness of the layer of water between the slide and 
cover-glass. If the space between the slide and cover is great, the 
introduced solution diffuses more quickly and the reaction of the Para- 
RicBcia is therefore not so pronounced. Hence the results of experiments 
carried on with the cover-glass resting on supports of varying thickness 
are not comparable. 

All these precautions are satisfied by the following method of 
procedure. ParamcBcia are removed from the culture jar with a large 
pipette, placed in a small beaker and thoroughly stirred up and brought 
into contact with the ain Thereupon, as before stated, they become 
positive to distilled water. This stirring must be repeated often to 
prevent their becoming again negative. A preparation is then made by 
bringing the Faramoecia upon a slide with a long cover-glass (22 mm, 
by 40 ram.), supported near its ends by two pieces of capillary tubing 
of equal and uniform diameter. A number of beakers are arranged, 
one containing a solution of NaCl of about the strength that will 
I probably (from previous trials) be found to be nearly neutral; the 

second a solution, isotonic with the NaCi solution^ of the other 
substance to be tested ; a third containing distilled water. A drop of 
the NaCl solution is taken up with the capillary pipette and intro- 
duced beneath the cover-glass, but near one end, forming there a 
small circle 5 — 8 mm, in diameter A drop of the second solution to be 
tested is introduced in the same manner near the other end. The two 
drops are thus under precisely similar conditions, and the conduct of 
the Paramcecia toward them can be observed without fear of disturbance 
of the results by varpng outer conditions^ The tests must however be 
made ai ones after the Paramoecia are brought on to the slide, other- 
wise clear results will not be gained. 

It will be understood from the above description of the method of 
experimentation, that if in one case the lower limit to which the 
animals are sensitive is given for an NaCl solution as 010 7<,i ^^ another 
as 0-033 7o, there is no contradiction involved, and the conclusions 
to be drawn are not thereby influenced, since the other substance for 
comparison was tested in each case under exactly the same conditions 
as the NaCl. 

Where substances to which the Paramcecia are positively chemotactic 
(to a weak solution) are found in the table (acids), it is of course to be 
understood that we are dealing here with the weakest solution to which 
the Paramoecia are iiegative : to a still weaker solution they are positive. 

PH. XXL 19 
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The results for the different substances are given in Table IL In 
this table the fluid in which the Paramoecia were tested is given, that 
is, whether the Paramoecia in this experiment were in water from the 
culture jar, hydrant water, or distilled water. This should of course 
make no difference to the results gained, as the two substances (NaCl 
for comparison and the substance under discussion) were tested under 
the same conditions. The concentration of NaCl to which the Para- 
moecia are in this case exactly indifferent is stated, and the concentra- 
tion of an isotonic solution of the substance in question ; that is, a 
solution which has the same osmotic pressure as the above NaCl 
solution. If the cause of the negative taxis of the Paramoecia lies in 
the osmotic pressure, we ought to find experimentally also that this is 
the weakest solution to which the Paramoecia are negative. The 
minimum to which the Paramoecia are negative, as actually found by 
experiment, is then given, and this is followed by a statement of the 
ratio between the caiciUated concentration and this actual concentration 
observed. To be favourable to the tonotaxis theory, this ratio should of 
course be 1 or in the neighbourhood of 1. 



Table II. 

Bases. 

1. Potassium hydroxide. Paramoecia in hydrant water. 

Indifferent to 0-10 7o NaCl, isotonic with 0-0837^ KOH. 

Actual minimum observed for KOH, 0-005 7© • 

Ratio of calculated minimum to actual minimum, 16 to 1. 

2. Sodium hydroxide. Paramoecia in culture water. 

Indifferent to 0*066 7o NaCl, isotonic with 0-039 7^ NaOH. 
Actual minimum, 00025 7,, NaOH. Ratio, 16 to 1. 

Acids. 

3. Sulphuric acid. Paramoecia in culture water. 

Indifferent to 0*05 7^ NaCl, isotonic with O0657o H.SO^. 
Actual minimum, 0-001257^ H.SO^. Ratio 52 to 1. 

4. Sulphuric acid. Paramoecia in distilled water. 

Indifferent to 0*033 7o NaCl, isotonic with 00427o H,SO^. 
Actual minimum, 0001 25 7^. Ratio 33 to 1. 

5. Hydrochloric acid. Paramoecia in culture water. 

Indifferent to 0057„ NaCl, isotonic with 0026 HCl. 
Actual minimum, 0001257^^. Ratio 20 to 1. 
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SaiU. 

6. Sodium carbonate. FaramtBcia in hydrant water- 
Indifferent to 0-066% NaCl, kotonic with 0*090 V„ K&.COj^. 
Actual raimmunj, 0-004 7^. Ratio 22 to 1, 

7- Sodium carbonate. ParamcBcia in distilled water. 

Indifferent to 0*033 7^ NaCl, iaotonic with 0-045 7^ Na^CO^. 
Actual minimum, 000208 7^. Ratio 22 to L 

8, Potassinm bromate. FaramtBcta in distilled water. 

Indifferent to 0066 7, NaCl, isotonic with 0-19 7, KBrO^. 
Actual minim nm, 0-0208 7^. Ratio 9 to 1. 

9, Copp<?r snlphate (CnSO^ + 5H^0). Paramojcia in culture water. 

Indifferent to 0^05 7^ Nad, isotonic with 0^30*7^ CuSO^. 
Actual minimum, 00125 7„ (JiiSO,. Ratio 243 to 1. 

Organic Compoundit. 

lO- Ethyl alcohol. Faramoecia in culture water. 

Indifferent to 0*10 7^ NaCl, isotonic with 0"13 7„ alcohol. 

Actual nimimum, l7o alcohol Ratio 1 to 8, 
11, Chloral hydrate- Faramoecia in culture water. 

Indifferent to 0*05 7^ NaOl, isotonic with 0^19 7„ CCI,COH- 

Actual minimum 0-066 7^ CCl.COH- Ratio 3 to L 

From tWs table it is evident that the negative taxis of Paramoecium 

to these substances beare no relation to the osmotic pressure of the 

Bointions. Taking NaCl as unity, the ratio of the strength of solution 

reckoned on the basis that the osmotic pressure is the active agent in 

the stimulus, to the strength of solution actually found varies all the way 

from 24S to ^. There can be no question therefore that we are dealing 

here with negative chemotaxis and not with tonotaxis, A consiilcrable 

number of other substances were tested with sufficient precision to 

determine that their negative tasis was much stronger than could be 

reckoned on the tonotasis theory, — ^t hough not with such exactness 

that they could be taken into the above table- 

The conclusion that we are dealing with negative chemotaxis and 
not with tonotaxia is rendered exceedingly probable by certain other 
considerationg. The Faramoecia live in water which contains a con- 
siderable quantity of various salts, especially CaCOj,, so that a solution 
in distilled water of, for example, ^ 7* copper sulphat,e is probably 
much less dense than the water the FaramoBcia arc already in. The 
disinclination of the Faramoecia to enter such a solution might possibly 
be considered negative tonotaxis to a less dense solution than that to 

19—2 
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which the animals are accustomed; tonotaxis of this sort is not un- 
common, according to Massart But this view is of course rendered 
inadmissible by the fact that the Paramoecia do enter the distilled 
water, which is still less dense than the ^V© CuSO*. I have thought 
it best however to make a thorough test of the matter from the other 
point of view, in order to set the question entirely at rest Whether 
we consider the solutions used as denser or less dense than the water in 
which the Paramoecia are found, it is equally impossible to hold the 
reactions to be due to tonotaxis. 

But the impossibility of considering the above reactions to be due 
to the osmotic pressure of the solutions is rendered, not more certain, 
but more striking, when certain other substances are drawn into the 
circle of experimentation. By the aid of these we are able to see 
precisely the relations of chemotaxis to tonotaxis, and to observe the 
effects of tonotaxis acting alone. Toward a number of organic com- 
pounds—cane sugar, dextrose, mannite, glycerine, and urea — the Para- 
moecia are chemically entirely indifferent, so that with them tonotaxis 
may be studied in its simplicity. This will be best shown by detailing 
certain experiments. 

(1) An ordinary slide and cover preparation is made, with Para- 
moecia in water from the culture jar. They are tested and found to be 
positive to distilled water. Now with the capillary pipette a drop of 
a 2 7o solution of cane sugar in distilled water is introduced. The 
Paramoecia act toward it exactly as toward a drop of distilled water. 
On coming to the edge they either hesitate an instant, or cross at once, 
swimming into the drop, but stopping on coming to the opposite side, 
exactly as described on p. 268 for distilled water. Thus in a short 
time most of the Paramoecia in the preparation are gathered into the 
drop of 2 7o sugar solution. 

A 27o solution of cane sugar has the same osmotic pressure as 
a ^ 7o solution of NaCl. Introducing a drop of ^ y© NaCl in distilled 
water into the preparation, the Paramoecia are strongly negative. 
Successive trials are made with weaker solutions of NaCl, until it is 
found that the Paramoecia become barely indifferent to a ^7o solution of 
NaCl. This therefore works more powerfully than a solution of sugar 
having four times its osmotic pressure. The same Paramoecia were 
tested with CUSO4, and it was found that while the margins of the 
drop exercise a positive attraction to the FaramcBcia, they are negative 
to the inside of a drop of i^^Va CuSO^ in distilled water. They are 
thus more strongly negative to a solution of copper sulphate than to 
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a solution of cane sugar having about 1000 tiraes the same osmotic 



Fig. 10 




pressure. Fig. 10 shows a preparation to 
which a drop of a 2 7# cane sugar solution 
at a, a drop of ^%GuSOi at 6, and a 
drop of ^y^ NaCl at c had been added 
five minutes earlier. 

The apparently positive taxis to the 
sugar solntioD is due merely to the fact 
that the solution is made up in distilled 
water, as is shown by the followiug escperiments : 

(2) Paramcecia in distilled water. Introduced a drop of 2 7o sugar 
solution in distilled water. The Paramcecia are entirely indifferent to 
it; they swim in or out of the drop, exactly aa in any other part of the 
preparation. 

(3) Paramoecia in water from the culture jar. A 2^/^ solution of 
cane sugar waa made up also in the culture water, and a drop of this 
ifltroduced into the preparation. The Paramcecia are entirely in- 
different, as in the previous experiment. 

(4) Paramoecia in culture water. Under one end of the cover-glass 
a drop of 2^0 sugar solution in distilled water is added; under the 
other a drop of pure distilled water. The FaramoQcta behave in exactly 
the same manner to both, — forming a gathering in one aa in the other. 

To a 27^ caoe sugar solution therefore the Paramoecia are entirely 
iadifferent, behaving toward it as they would to a drop of the pure fluid 
in which the solution is made. The sugar solution may be made 
negative by mixing with it a slight quantity of some substance to 
ivhicU the animals are negative, as NaCl, or positive by adding to it 
a trace of acetic acidp In all these respects it is exactly like ordinary 
water. 

If we substitute an 8*/p solution of cane sugar for the 2"/o solution, 
the phenomena remain almost entirely uncbaaged. If the 8% sugar 
solution is made in diatUled water and the Paramoecia are in culture 
water, they collect in the drop of sugar solution as in distilled water. 
If the sugar solution is prepared in the same water as that in which 
the Paramoecia are swimming, they are quite indifferent to it, swimming 
in and out of the drop without hesitation, If the animals are observed 
tji the drop of 87o sugar solution, however, their conduct is seen to be 
slightly modified. They seem excited, and swim more hurriedly and 
irregularly than in the pure distilled water. At the same time they 
may be seen to shrink a little, owing to the withdrawal of water from 
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the protoplasm through the osmotic effects of the sugar solutioD. Theae 
effects are not marked, however. 

If the density of the sugar solution is increased to 20 7o the Pam- 
moecia behave as follows. On coming to the edge of the drop tbey 
make no sign of stimulation, but pass directly in, the mptioD becoming 
however a little slower. This is doubtless a mechanical result of the 
thickness of the sugar solution. Many specimens continue to awlm 
straight ahead very slowly, but before the animal has passed half-way 
across a drop 6 mm. in diameter it has shrunk to a flat plate, owing to 
the plasmolysing effects of the dense sugar solution. The animal abops 
and dies. Other individuals shortly after passing the boundary besitate, 
swing the anterior end back and forth, then pass on till tbey are 
plasmolysed. Others again after this moment of hesitation turn and 
swim in another direction; some of these thus paas out of the drop 
and so escape destruction. Still others, after swimming quietly some 
distance into the drop, stop, then reverse the cilia and swim straight 
backward, often a sufficient distance to carry them out of the drop. 
But the large majority of all those individuals which, in their random 
course, swim against the edge of the drop, pass in and are killed by 
the plasmolysing effects of the sugar solution. In a short time the 
spot where the drop of sugar solution was introduced is indicated by 
a large collection of dead Paramoecia. 

A drop of 20 7o sugar solution is thus incomparably more dangerous 
to the Paramoecia than a drop of some strong alkali. If a drop of 
2 7o KOH is introduced under the cover-glass, scarcely a Paramoecium 
is injured by it, except such as were overwhelmed by the drop as it 
was introduced beneath the cover-glass. In the case of the alkali the 
negative chemotaxis of the Paramoecia warns them long before the 
danger point is reached, so that they swim in another direction, while 
the sugar solution does not act as a stimulus until plasmolyRis has 
begun and the animal is in too deep to be extricated. 

The same results are gained by a study of the conduct of Pammtecia 
toward dextrose, mannite, glycerine, and urea. Toward solutions of all 
these substances the infusoria seem entirely indifferent. SolutiooB of 
strength insufficient to plasmolyse the animals call forth no reaction 
whatever. If a drop of very strong solution of any of these ia intro- 
duced, the Paramoecia enter without hesitation, then show signs of 
agitation, perhaps reverse the cilia, and finally die of plasmoljsis. 

The precise conduct of the infusoria toward strong osmotic fluida 
was studied with especial care in the case of a 10 Yo solution of glycerine. 
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After swimming withoat hesitation some distance into the drop the 
plaamolytic action begina The animal reverses its cilia, swimming 
straight backward some distance, but generallj not far enough to carry 
it out of the drop. The cilia then begin to strike in the original 
direction again : the animal therefore darts forward. Quickly the cilia 
are reversed again and the animal swims backward, a somewhat less 
distance than after the first reversal ; then forward a short distance, 
then backward, the distance covered at each reversal of the cilia 
becoming less and less. At the same time the animal begins to revolve 
rapidly on its long axis. Finally the impulses to forward and back- 
ward motion seem to become equal; the animal remains in place, 
revolving rapidly on its long axis, and in a few seconds is dead, the 
body having shrunken to a flat plate. 

Thus while changes in osmotic pressure do act as a stimulus for 
Paramoecium, the stimulus is so weak and slow in action that it does 
not suffice to save the animals from destruction by plasraolyais. The 
Paramoecia apparently do not respond until a decided and outwardly 
evident shrinkage of the cell body has occurred, Tonotaxis seems there- 
fore to play no important part in the life activities of the animal. 

The eonclnsiona tentatively expressed earlier in regard to chenio- 
taiis may therefore be now reaflSrraed with absolute confidence. Para- 
mcEcium aurelia is (1) positively chemotactic toward solutions 
having a weak acid reaction, (2) negatively cheraotactic 
toward solutions having an alkaline reaction, (3) negatively 
chemotactic toward strong acid solutions, (4) negatively che- 
motactic toward some neutral salts and some organic com- 
ponnda, (5) chemically indifferent toward certain organic 
compounda 

It may be well to give here a list of the substances toward which 
I have determined definitely the manner of reaction, as they are 
scattered in the above discussion, and some substances tested have 
not been heretofore mentioned. 

Paramoecium aurelia was shown to be positively chemotactic toward 
weak solutions of the following substances :'— meat extract, rancid olive 
oil, rancid cod-liver oil, mercuric chloride, copper sulphate, sulphuric 
acid, hydrochloric acid, nitric acid, acetic acid, tannic acid. All these 
iubstances have an acid reaction. 

Toward the following, Paramoecium showed itself negatively chemo- 
tactic: (a) strong solutions of all the substances in the foregoing Hat; 
(6) cdl effective solutions of potassium hydroxide, sodium hydroxide, 
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8odium carbonate, sodium bicarbonate, sodium chloride, ammomam 
chloride, potassium bromate, lead acetate, ethyl alcohol and chloral 
hydrate. 

To the substances in the following list Paramoecium is inditfereoti 
so far as the chemical nature of the substances is concerned: cane 
sugar, dextrose, mannite, glycerine, and urea. 

To the list of substances to which Paramoecium is positive should 
be added oxygen, according to the observations of Verworu (1889) aod 
Loeb and Hardesty. According to Israel and Klingmann (p. 327), 
Paramoecium (aurelia?) is positively chemotactic to water in which 
metallic copper has lain for a time. The authors do not state definitely 
whether the "copper water" used in these particular experiments was 
prepared with distilled water or with the same water as that in which 
the Paramoecia lived In the former case the positive taxis obaerved 
would probably be due to the distilled water alone. 

Regarding the negative chemotaxis of Paramoecium toward CO,, 
as reported by Loeb and Hardesty, I shall have something to say 
in the ensuing part of this paper. It has been shown above that the 
statement of Loeb and Budget that Paramoecium is negative ta 
acids and alkalies is correct for stronger solutions ; these authors them' 
selves state that if weaker solutions are used somewhat different 
reactions are obtained, though what these different reactions are they 
do not say. 

Determination of the Chemical Substance causing the Collectiom of 
ParamxBcia under normal conditions. 

We are now prepared to investigate the further problem : What 
is the attractive substance in response to which the Paramoecia gather 
about the bit of decaying vegetable material in the centre of the 
slide, as shown in Fig. 2? 

As will be recalled, the evidence seemed at first to point to the 
view that the Paramoecia were positively chemotactic to soluble sub- 
stances produced by the decaying vegetable material Later (p. 274) 
this was shown to be incorrect The incorrectness of this view may 
be demonstrated in a most striking manner by a simple alteration 
in the experiment. Let a bit of filter paper or a minute piece of 
linen fibre be substituted for the decaying vegetable material; the 
Paramoecia gather in a dense collection about it, exactly as about the 
bit of decaying matter. The experiment may be performed in water 
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from the culture jar in hydrant water or in distilled water ; the results 
are the same. 

This experiment raises the question whether the entire foregoing 
investigation of chemotaxis has not been a movement in a false di- 
rection 80 far as explaining this phenomenon is concerned. If the 
Paramoecia gather in the same manner about any bit of substance 
having no active chemical properties whatever does not that prove 
that chemical action has nothing to do with the phenomenon? 

The implication contained in this question is an exceedingly plau- 
sible one. However, it may be easily shown to be false. Let the 
Faramoecia gather about the bit of filter paper, as in Fig. 2. After 
a time the dense gathering becomes looser ; the ParamoBcia spread out 
into a larger clearly defined area, as described in the "Introductory 
Experiment/' and shown in Fig. 3. As will be noticed, the arrange- 
ment is much like that shown for the chemotaxis of Paramcecium 
about a drop of acid substance, in Fig. 8. Now let a fresh preparation 
of Paramoecia be made, without the bit of filter paper. The Paramoecia 
are in this scattered uniformly, as shown in Fig. 1. 

Next we introduce the point of the capillary pipette beneath the 
cover-glass of the preparation in which the Paramoecia have formed 
a group about the bit of filter paper (sis in Fig. 3), and remove 
therewith a drop of water from mthin the area to which the Paramoecia 
are confined, close to the filter paper. This drop is injected beneath 
the cover-glass of the second preparation, in which the Paramoecia 
are uniformly distributed. As soon as a Paramoecium, swimming at 
random in this second preparation, comes to the drop of fluid injected, 
it swims directly in without hesitation, but on coming to the opposite 
side of the drop, it stops at once and turns back— exactly as illustrated 
in Fig. 6, p. 269. It thus remains in the drop, swimming about in 
the liveliest manner, but never leaving it. Successive Faramoecia are 
thus quickly collected, and in five to ten minutes all the Paramoecia 
in the preparation are gathered in the snaall area where the drop was 
introduced, exactly as shown in Fig. 6. If a drop of water from some 
other part of the first preparation, outside the area of Paramoecia, is 
injected into the second preparation, no effect is produced. 

Evidently there is some substance in the collection of Faramoecia 
about the bit of filter paper, to which the infusoria are strongly 
positive!/ chemotactic. Furthermore, it is evident that this substance 
cannot have been produced by the bit of filter paper or linen fibre. It 
must then have been produced by the Faramoecia themselves. 



286 



H. S. JENNINGS. 



This becomes apparent also when the mechanism of the collectiDg to- 
gether of the Paramoecia about the bit of filter paper is carefully 
observed. They swim at first hither and thither in every direction 
throughout the preparation. By chance a few individuals come In con- 
tact with the bit of paper or linen fibre. Here they stop (cp. below, 
p. 298). The small assemblage of Paramoecia thus formed begins to esr- 
Crete some attractive substance, for the region becomes at once a centre 
of great attraction for the remainder of the Paramoecia. Moreover, it is 
not the bit of solid material which is the centre of attraction, but 
rather the group of Paramoecia, as such. This is proved by the fol- 
lowing facts. (1) The Paramoecia will gather in a dense mass about a 
bit of paper so small that the outer Paramoecia in the mass cannot get 
within ten times their own length of the paper. (2) In some cases 
the assemblage begins to take place by chance on one side of the 
paper. Thereupon all the Paramoecia are attracted to this aide : the 
mass grows in this direction until finally it becomes entirely separated 
from the bit of paper, which is left quite alone. The latter may then 
be removed with a needle, while the dense gathering of Paramoecia 
remains as befora As this is an important matter, an experiment 
may be given in detail. 

9.8 a. m. Preparation D made, on a slide, but without a cover-glass. In 
the centre of the slide an irregular piece of filter paper, with one side smoothly 
cut, the others torn. 

9.24. A noticeable gathering about the bit of paper. 

9.44. Almost all the Paramoecia are gathered about the bit of paper, A 
very large number along the cot edge ; many 
of these cannot get ^dthin three Paramoe- 
cium-lengths of the paper, yet they crowd 
in as close as they can. 

10.10. The thickest mass of Paramoecia 
is now at the cat edge of the paper; the 
outer Paramoecia are at least ten times their 
own length from it (Fig. 11). 

10.20. The Paramoecia have all left the 
torn edges of the bit of paper, to gather on 
the cut edge in a single dense mass as large 
as the entire paper. 

10.51. The mass of Paramoecia are now 
completely separated by a narrow space firom 
the piece of paper ; all are pressing toward 
a centre lying within the group of Paramoecia. 




* Kg. 12 
a, Paramoeoia ; h, bit of paper. 
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10.53. The bit of paper whb removed with the needle from the region of 
the luafis of ParaojcEcia to the other Bide of the slide, but the mass of Para- 
mcecia gtill remaiiiB in place (Fig. 12). 

The mass ol Paramoeeia thus entirely separatcni from the bit of paper was 
observed for more than half ^an-h our longer. It did not loo^n and separate 
into such an area as ia shown in fig, 3, because of the ahsencSj in this cascp of 
a cover-glasB* (Why this should canse a difference will be explained later,) 

It is evident therefore that the ParamcBcia are attractive to each 
other, and the experiment previouBly described, in which a drop of 
wEter from the group of Paramoecia proved attractive to the Para- 
mcEcia of another preparation^ shows that thia must be due to some 
substance excreted by the Paramoecia and passing into solution in 
the water. Furthermore, the same substance in somewhat greater 
concentration produces a negative reaction, siuce the Paramoecia after 
a time avoid the centre of the area and gather chiefly about its 
margin, ns ghown in Fig, 3, 

From what we have learned concerning the phenomena of cbemo- 

taxis in general in Paramoecium, we sliould expect this substance to 

be an acid of some sort. When we inquire what acids raay be excreted 

by Paramoecia, there seem to he two possibilities. The first ia that 

the substance may be the CO, excreted in the respiratory process of 

the animals. The second, that some acid is excreted in connection 

with the digestive functions* Greenwood and Saunders have 

shown that an acid is produced in the food vacuoles of infusoria, and 

have demonatrated that this acid is not CO,, since it dissolves granules 

of calcium phosphate. According to the obsjervations of Greenwood 

aud Saunders the acid disappears before the food vacuoles are ejected. 

However, the possibility suggests itself that a certain amount of this 

acid persists and is discharged with the waste matter into the aur- 

rotinding water. Our first approach to a determination of the attractive 

substance must be by testing whether it can likewise be shown not 

to be CO^ 

This test was made by introducing granules of. finely powdered 
chalk (CaCOJ into the centre of one of these groups of Paramcecia 
aad observing the efifects. The exact form, size and position of a 
naraber of irregular granules of the minutest size were noted with 
the microscope, then the preparation placed in the moist chamber for 
a number of hours. At the end of this time the granules of calcium 
carbonate had not suffered the slightest change. On the other band, 
a similar trial with the weakest solution of HCl to which the animab 
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showed any sensitiveness prodaced a marked corrosion of such granules 
in a much shorter time. The evidence gained in this way is therefore 
against the presence of any acid stronger than CO,. What is now 
desired is a delicate test for CO^ 

At the suggestion of Professor Verworn I used for this purpose 
a solution of rosol. This produces with water a beautiful red solution, 
which is decolorized by carbon dioxide — as well as by other acids, of 
course. A weak solution of rosol is not injurious to the Paramcecia, 
so that a large number of the infusoria were brought directly into 
the solution, and a preparation was made with this. A bit of filter 
paper was placed in the centre, and the Paramoecia formed a dense 
gathering about it, as usual 

Shortly after the collection has become densest the solution begins 
to become colourless about the bit of paper. The group of Paramoecia 
begins to loosen and separate, and the colourless space to become 
larger. The Paramoecia remain confined to a definitely limited ar^ 
(as shown in Fig. 3) which continually but slowly grows larger; the 
colourless area is exactly identical in size and limits with this area 
to which the Paramoecia are confined and holds exact pace witb it 
in its increase in size. If the preparation be now viewed with a dark 
background the Paramoecia are seen distinctly as white dots gathered 
in a definitely limited area, the greater number of Paramoecia about 
the outer boundary of this space. If the same preparation be viewed 
with a white background the Paramoecia disappear, and one sees 
only the clear red colour of the greater part of the slide contrasted 
with the entirely colourless area in the centre, of exactly the form 
and size of the area previously seen to be marked by the Paramcecia. 
The reaction is a most striking, precise and satisfactory one, and, taken 
in connection with the lack of reaction towards CaCO,, clearly indicates 
the presence of CO, in the area. 

There remains but to test CO, directly. Pure carbon dioxide was 
made by the action of HCl upon CaCO,. The gas was collected over 
water and washed carefully by shaking it up with a solution of sodium 
carbonate. The tests were made in exactly the same manner as for 
other chemical substances. A preparation was made in which the 
animals were scattered uniformly beneath the cover-glass; then a 
bubble of carbon dioxide was introduced with the capillary pipetta 
Immediately before or after, a bubble of air was brought into another 
part of the same preparation as a control 

The result of the experiment is not doubtful for a moment The 
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Paramoecia are strongly positively chemotactic to the carbon 
dioxide. They gather at once in a dense collection about the bubble 
of COj, pressing against the very walls of the bubble and crowding 
each other to get as near as possibla Meanwhile the bubble of air 
is left entirely alone. 

I give herewith three figures from my record of experiments, 
ilhmtrating the chemotazis towards CO^. The three figures are from 
a preparation of Paramoecia in distilled water. A bubble of air (a) 
was iDtroduced near the left end of the cover-glass, a bubble of CO, 



r- 
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Chemoiaxifi of Paramcecift toward 
C0„. Two minuteft after the in- 
Irodaotion of the babble of €0^ 



Fig. 13 






B%14 



Two minutes after Fig. 13. 







JBame prepaimtion IB rains, Uier 
than Fig. 14. 



Fig. 15 

near the right end. Figure 13 shows the preparation two nainutes 
after the bubbles were introduced. Many Paramcecia are crowded close 
about the bubble of COa* 

The condition two minutes later ia shown in Fig. 14 The gathering 
of Paramcecia about the CO, has become larger, but the animals are 
not crowded so close to the bubble ; there is a distinct space between 
it and the dense ring of Fammoecia. They are evidently negative 
toward a too concentrated solution of CO,* 

Fig. 15 shows the condition 18 minutes later. The ring is broad 
and not so dense as before ; the inner boundary is ranch farther from 
the surface of the bubble than in Fig. 14, The Paramcecia in the 
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ring are exceedingly active, generally swimming around the bubble 
in a circular path. 

A large number of such experiments were performed and always 
with the same result. The experiments may be performed with the 
Paramoecia in distilled water, in culture water, or in hydrant water: 
the results are the same. We must conclude therefore that Para- 
moecium aurelia is positively chemotactic toward a solution of CO, 
of a certain strength ; negatively chemotactic toward a stronger so- 
lution. The positive chemotaxis toward COj seems much more power- 
ful than towards other substances, since Paramoecia which had been 
brought only the day before into distilled water, and showed almost 

[ no recognizable positive chemotaxis toward other substances, were at 

' once strongly attracted by a bubble of COj. 

The positive chemotaxis toward CO, may be easily shown in 
another manner. If a bubble of ordinary breath is blown beneath 
the cover-glass, with a capillary tube, the Paramoecia are distinctly 
positively chemotactic to it, though not so powerfully so as towaids 
pure CO2. The experiment will of course not succeed unless the 
breath is blown through the tube sufficiently beforehand to be sure 
that all ordinary air is removed from it before the experiment is made. 

P As will be noticed, the phenomena observed with CO2 are exactly 

the same as those observed with the substance excreted by the Para- 
moecia, and which we had concluded on other grounds was probably 

■^ COa. A drop of water can be taken from within the ring, in the one 

case as in the other, and this drop proves strongly attractive to the 
Paramoecia of a fresh preparation. If the electric current be passed 
through the preparation shown in Fig. 14, the Paramoecia all gather 
on the cathode side of the ring, but go no farther toward the cathode, 
exactly as was described in the case of the preparation shown in 
Fig. 3. There can be no question that we are dealing with carbon 
dioxide in both cases. 

Armed with this knowledge, we can now explain a number of 
exceedingly puzzling phenomena which have already been mentioned 
in this paper or elsewhere. 

Explanation of previously observed phenomena by means 
of the reaction toward COa. 

We may first summarize briefly the essential features of the so- 
lution of our original problem — the course of events in the "Intro- 
ductory Experiment " (p. 260). A certain number of Paramoecia strike 
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by chance against the hit of decayiBg vegetable material, and remain 
I there. The water in this region then becomes more strongly charged 
\ with COs than elsewhere, owing to its excretion here by this col- 
lection of Paramcecia This region then becomes a centre of attraction 
for other Paramoecia, owing to their positive chemotaxis toward CO3 ; 
so all collect here. The production of CO^ is thereby 80 increased 
about the bit of vegetable material that the solution in the water 
here becomes too strong : the Paramoecia become negative to the COg 
and leave the centre of the group. They go only to that point 
where the concentration of COg is that to which they are positive, 
however, and here they remain, on the margin of the area Indi- 
vidual differences exist in the sensitiveness to COj, ao some Paramcecia 
will be found io the centre of the area after most are gathered at 
its margins. The continued growth of the area is due to the con- 
tinued excretion of COj by the Paramcecia. If the constant electric 
curreot is passed through the preparation, the Paramcecia react to 
the electric stimulus normally till this reaction comes in conflict with 
the chemotactic reaction, which occurs at the cathode aide of the 
area; Ihe chemotactic proving generally the stronger, the Paramcecia 
do not leave the area. 

A phenomena related to the above was described and figured by 
Jensen. When ParamcBcia are brought upon a slide^ beneath a cover- 
glass, they soon begin to avoid the outer edges of the water, not 
swimming within a certain distance of the margin. The free margin 
thus left becomes broader and broader till the Paramoecia are confined 
to a comparatively small central space* Jensen explained this as 
probably due to the greater concentration of the salts in the water 
about the edge, due to the evaporation here. It seems much more 
probably due to the discharge of the COa which is being continually 
produced by the Paramoecia, into the air about the edge of the cover- 
glass, leaving this region much poorer in COs than the inner part. The 
Paramoecia begin to gather on this account into the central region — 
whereupon the difference in the amount of CO^ between the outer and 
inner regions becomes greater than ever, tending still more to ac- 
centuate the gathering of the Paramcecia in the central region. That 
this m the true explanation is rendered especially probable by the fact, 
at least when a large cover-gla.ss is used, that the collection does not 
always take place under the middle region of the cover-glass, but may 
occur in almost any part, the precise place where the assemblage occurs 
being determined by chance factors. Such a "chance factor" is a bit 
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of filter paper or linen fibre. A slight roughening of the sur&ce of the 
glass, or th^ presence of the merest trace of some attractive substance 
may determine the place of gathering in the same manner. If there \a 
no such determining factor, the Paramoecia simply avoid the outer 
edges and gradually gather in the centre, as described by Jensen. 
The water from one of these central collections of Paramoecia is 
attractive, on being introduced into a fresh preparation. This is of 
course inexplicable on the theory that the gathering together of the 
Paramoecia is due to the concentration of salts about the margin of the 
preparation. If after such a central group has been formed, the electric 
current is passed through the preparation, the Paramoecia respond only 
in so far as the electrotaxis does not come in conflict with chemotaxis. 
This explains why, as is often noticed, the Paramoecia of a preparation 
may at first respond typically to the electric current, while later the 
Paramoecia of the same preparation respond but incompletely or scarcely 
at all. 

In close relation to this stands the cause of the fact mentioned on 
page 277, that in testing various solutions with Paramoecia on the slide, 
it is necessary to make the tests at once after the Paramoecia are 
brought into the preparation, or the results are unreliable. After 
remaining some time the Paramoecia will have gathered into a group in 
some part of the slide, and will there have produced a certain amount 
of CO^ Being more strongly positive to this than to any substance 
which can be introduced, they may now show negative taxis toward the 
solution tested, when previously they would have reacted positively to 
the same solution. 

A related phenomenon is the following. On page 271 it was stated 
that if Paramoecia are removed from a dense collection in the culture 
jar by means of a pipette and brought at once beneath the cover*gIass 
of a preparation, they show themselves 
negatively chemotactic to all substances 
introduced, of whatever nature. In such 
a case the Paramoecia do not remain even 
a short time uniformly distributed beneath 
the cover-glass, but will be found gathered 
in some particular region of the slide a '^ pig. ig 

few seconds after they are introduced. 
Fig. 16 shows a preparation made in this manner ; the Paramoecia are 
gathered in a long irregular strip near one side. The explanation is 
as follows. In the dense collections of Paramoecia in the culture jar 




I 



REACTIONS OF CILIATE INFUSORIA. 293 

the water contains in solution a large amount of CO, excreted by the 
Paramoecia. These collections are so small that in removing Paramoecia 
from them with a pipette water from outside the collection, containing 
little CO,, is drawn into the pipette also. The whole is now brought 
at once under the cover-glass without a thorough mixture having taken 
place; the Paramoecia betake themselves at once to that part of the 
water containing more CO,, leaving the rest of the slide empty. Now, 
if some substance is introduced beneath the slide, to which the 
ParamcBcia are generally positively chemotactic, they do not respond 
poeitively, being more attracted by the CO,. If however the water 
from the culture jar is thoroughly stirred up with the pipette and 
brought in contact with the air before being placed on the slide, the 
CO, is driven off, and the conduct of the Paramoecia is not therefore 
modified by its presence ; they give the normal positive reaction to the 
solutions introduced. 

On page 286 it was stated in describing an experiment, that the 
Paramoecia, having gathered in a dense mass, did not later loosen and 
separate, on account of the absence, in this experiment, of a cover-glass. 
The reason for this is easily seen when one considers the effect of a 
cover-glass in preventing the escape of carbon dioxide which is produced 
beneath it If no cover-glass is present, the CO^ continually escapes, bo 
that the water solution does not increase in strength beyond that 
concentration which is attractive to the Paramoecia; therefore they 
continue to crowd together iu order to reach the point where the CO, 
IB densest If the CO^ in the thin layer of water is prevented from 
e^ecaping by the cover-glaa% above it, the Fwihition beeoniea more an^i 
more concentrate^l till it reaches a strength to which the Paramcncia 
are negatively chemotactic; hence they separate, remaining chiefly 
al>oi]t the margins of the CO, area. It 18 probable that under natural 
conditions the CO^ hardly ever reaches auch a concentration aa to be 
repellant, owing to ita continual diffusion and escape. Thus while the 
positive chemotaxia of Paranio?ciuni t^^ward CO^ plays a very large part 
in the everyday life of the infusorian, it is probable that the negative 
cfaemotaxi^ toward a denser solution comes hardly ever into opera- 
tion. 

Certain phenomena described by Pfeffcr (p, 618) in other infusoria 
than Paramcecium probably receive their explanation also by the 
attraction of the infusoria toward the carbon dioxide excreted in a 
dense group. Pfeffer observed that when numbers of Glmwonta seiu- 
tillwis are brought upon a slidei together with some small neutral aolid 
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bodies, such m bits of filter paper, the infusoria quickly gather into 
dense groups about the solid bodies Such large and dense gatherings 
were formed and there was such variation as to which particular bit of 
the solid should form the centre of a group, that Pfeffer felt that the 
pheiioraenon could not be explained by the contact stimulus exercised 
by the aolid alone, and was inclined to believe that it was partly due to 
a contact Btimulus resulting from the striking together of the infusoria 
in mich a collection. Similar collections in a less pronounced degree 
were observed by Pfeffer in Colpidiwm colpoda, and still less marked 
in St^loni/ckia mytilua and in ParamoBcium aurelia itself. As we know 
that tho col lections are due in the case of Paramoecium to the attrac- 
tion toward the COg excreted in a dense group, the conjecture is 
exceedingly plausible that the same cause accounts for the phenomena 
in the other eases. 

If a quantity of water containing many Paramoecia is brought into 
an open watch-glass or other small vessel, the infusoria are at first 
distributed uniformly. Very soon, however, the Paramcecia begin to 
avoid the upper surface and gather toward the bottouL Soon a distinct 
boundary is evident between the water containing Paramoecia and that 
oontaiQing none. The Paramoecia continue to draw together toward 
the bottom unti] at last a small definitely bounded space in the bottom 
of the watch-glass alone contains Paramoecia. The individuals may 
be seen to swim straight forward within this space, until, coming 
to the invisible boundary, they are turned back. This is evidently 
a pbcnomDuan of the same nature as those above described. The 
COg produced by the Paramoecia is given off at the surface of the 
water : therefore the Pai'amoecia draw away from the surface. They 
continue to draw together until a balance is struck between the 
amount of 00^ produced and that given off; they remain confined to 
the apace in which the COg reaches that concentration to which they 
are positive. A drop of water taken from this gathering in the bottom 
of the watch-glass proves attractive when introduced into a slide of 
firesh ParanicEcia. If two unpolarisable electrodes are dipped into the 
water on opposite sides of a watch-glass containing such a group of 
Paramoecia in the bottom, and the circuit is closed, the Paramoecia may 
be induced by the electric current to swim from one side of the small 
bottom gioup to the other, but only with the greatest difficulty can they 
be forced across the boundary of the group into the surrounding water. 
This furnishes the explanation of the fact often noticed that in order to 
demoQHtrate clearly the phenomena of electrotaxis in a watch-glass of 
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Pammcecia, either the circait must be closed soon after the infusoria 
are brought into the glass, or the water must be thoroughly stirred up 
occasionally. 

If in place of a concave watch-glass a vessel is u.sotl having a broad 
Sat bottom, the Paranioecia gather in one or more well-defined groups 
in some particular part of the dish. They do not scatter all over the 
bottom, as must be the case if the collecting together were due to 
simple concentration of the salts in the upper layers of tho water, 
owing to evaporation. E^tactly wk^re the Faramcecta shall |^ther 
depends on chance circumstancea ; a filight variation in the warmth of 
the two sides ; the presence of a small solid object in one spot, or a 
roughening on the surface of the glass. Anything which leads in the 
begimiing to a collection of a few individuals in a certain region^ 
results later in the gathering of all (or Qiost) of the Piiramoecia in the 
vessel in tbis place, owing to the greater concentration of CO^ in this 
region. The original occasion for the collection may then be removed, 
but the collection itself remains. 

On p, 276 it was stated that if Pararacecia which are to be used in 
experimentation are placed in a beaker, and are found by testing to be 
positive toward distilled water, tbey may later become negative to it 
unless well stirred up at short intervals — ^thus causing the series of 
experiments to give inconstant and worthless results. This is explained 
by the observations jtist described. If left untouched for some time, 
the Paramoecia gather together in some part of the vessel and excrete 
COj.to which they are strongly positive. If now, some of these Para- 
mo^cift, in this water strongly charged with COa, are brought upon the 
slide and tested with distilled water, they avoid the latter, on account 
of their ^rea^er positive chcmotaxis toward COa. If the carbon dioxide 
is driFeo out of the water by stirring it and bringing it into contact 
with the air, the Paramcccia gather in the distilled water In the same 
way the chemotaxis may vary toward other substances. 

The explanation of the fact noted on p. 27S, that Paramoscia may 
hecome positively or negatively chemo tactic to water from a different 
part of the same dish as that in which they are swimming, lies along 
the same line. If Paramoecia taken from a part of the dish where the 
water contains mucli excreted COa ^*"t> tested with water from a part poor 
in COsf, the Paramoecia are negative; in the converse experiment they 
are positive. 

The place where the Paramoecia will form a permanent gathering in 
a shalloiv vessel may sometimes be determined artificially by the use 
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of the electric current. As is well known, when a constant electric 
current is passed by means of non-polarisable electrodes through a vessel 
of water containing Paramcecia, the latter gather behind the cathode. 
The explanation why they gather behind the electrode rather than in 
front of it or upon it was given in principle by Ludloff, though he did 
not apply the principle to this particular problem. He showed that the 
movement toward the cathode was due, not to any attraction of the 
cathode, but to the effect of the current in orienting the animal with 
its anterior end toward the cathode. The animal then swims in that 
direction, but there is no reason why it should stop on arriving at the 
cathode. On coming to the latter, the animal is as it were left to itself, 
and can swim where it pleases, the slight current components behind 
the electrode being ineffective so far as the Paramoecia are concerned. If 
the animals return into the space between the two electrodes, they are 
at once brought back as far as the cathode, then left to themselves 
again. Thus there is naturally produced finally an assemblage of Para- 
moecia behind the cathode. This may be very well demonstrated by 
performing the experiment in a long trough, with the cathode in the 
middle of the trough, the anode at one end, and all the Paramoecia at 
first between the two electrodes. The Paramoecia are soon all brought 
by the current into that half of the trough lying behind the cathode, 
where they swim about at random, paying no further attention to the 
electric current. If the experiment be performed with the cathode 
close to the wall of the vessel, so that only a small space is left bi-^und 
the electrode, the Paramoecia gather in a dense mass in this small 
space. If a rather weak current is used and this is long continued, tko 
Paramoecia may settle themselves against the wall of the vessel, and 
remain there after the electric circuit is opened or the electrodes 
removed, in consequence of their positive chemotaxis toward the CO, 
produced in the dense assemblage. This experiment does not always 
succeed, as the electric current often produces such excitement in the 
Paramoecia that on being released from its action they swim in every 
direction from the spot where they were collected. This is especially 
likely to happen if the gathering has lasted but a short time, so that 
little COa has been produced. Moreover, if the gathering of Paramoecia 
so formed lies near the upper surface of the water, the COa may be 
dissipated as fast as it is produced, so that the Paramoecia do not 
remain after the circuit is opened. 

Jensen (p. 438) has described the conduct of Paramoecia when left 
in an upright open tube of water. They rise to the upper end of the 
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tube, OD account of their negative geotaxis. But afber a time they 
draw back from the surface, leaving first the small elevated columns of 
water about the margin of the concave upper surface, later sinking even 
lower, and presenting a clearly defined upper boundary, which they do 
not pass. (See the Figs. II. ill. and iv. of Jensen.) This phenomenon 
may likewise be explained by the escape of carbon dioxide from the 
upper layers of the water. The Paramoecia sink and gather together 
until their own production of carbon dioxide suffices to supply the loss 
due to the escape of the gas from the upper surface of the water, 
remuning at the point where the charge of CO9 is that to which they 
are most attracted. 

It was stated on page 265 that the method of testing the chemotaxis 
of ParamoBcium toward various substances by introducing capillary 
tubes containing the solution to be tested into a vessel containing 
many Paramoecia and leaving them there for some time is unreliable. 
One reason for this is as follows. After ^ome time the Paramoecia may 
occasionally be found to have gathered into tubes containing substances 
to which they are entirely indifferent, as for example, water of the 
same sort as that contained in the rest of the vessel. This is evidently 
due to the following. Certain Paramoecia stray by chance into the tube 
and there of course produce COg, which is prevented from diffusing. 
Others accidentally entering the mouth of the tube are attracted by 
this CO, and likewise remain. Thus the production of carbon dioxide 
increases till the gas perhaps begins finally to diffuse about the mouth 
of the tube. Thereupon this becomes the centre of attraction for other 
Paramoecia, till at last all the animals in the dish are gathered in an 
assemblage about the mouth of the tube or within it. We may say 
then that the fact, taken by itself, that Paramoecia gather in a certain 
region is no evidence that the region previously contained substances 
attractive to the animals. 

In general, it will be found that very many of the pheno- 
mena presented by the behaviour of Paramoecia in fluids are 
explicable on taking into consideration the following factors; 
(l)the production of CO, by the Paramoecia: (2) the positive 
chemotaxis of Paramoecium toward CO, in a certain concen- 
tration: (3) the negative chemotaxis of Paramoecium toward 
a higher concentration of CO, (much less important than the 
foregoing); (4) the diffusion and escape of CO, in the water. 
In all experimental studies on reaction to stimuli in Para- 
moecium, close attention to these factors is an absolute 
necessity, if reliable results are to be obtained. 



298 H. S. JENNINGS. 

The explanation of these phenomena as due to the positive chemo- 
taxis of the organisms toward carbon dioxide is of course a reversal of 
the reasoning commonly used, in which explanation is sought by 
assuming that organisms are always repelled by COg. Such a reversal 
will doubtless be met with criticism and opposition on first thought 

3. Thiomotaxis. 

It has been shown above (p. 287 et seq.) that the chief cause of the 
gathering of Paramoecia around a piece of paper or linen is the pro- 
duction of CO, by the Paramoecia themselves and their positive chemo- 
taxis toward this substance. We must now investigate the exact part 
played by the solid body. 

Dewitz showed that a tendency to cling to and move along solids 
plays an important part in the life activities of the spermatozoa of the 
cockroach. A similar fact was made known by Massart (1888 antl 
1889 a) for the spermatozoa of the frog. Pfeffer (p. 618) observed 
collections of Olatwoma and other infusoria about bits of filter pap^^r or 
other neutral solids, and referred these collections to the stimulus of 
contact Verworn (1889, p. 90) introduced for this directive stimulus 
due to the action of contact the name Thigmotropism ; in accordance 
with the terminology used throughout this paper I shall employ the 
word thigmotaxis. Verworn (i.e.) pointed out in a general way that 
positive thigmotaxis plays a part in the movements of diatoms, oscil- 
laria, and hypotrichous infusoria, and that negative thigmotaxis was 
to be recognized in the sudden backward movements of Flagellates and 
Ciliates on striking solid objects, as well as in the retraction of the 
pseudopodia of rhizopods on being subjected to a mechanical stimulua 
Loeb (1890) studied the stimulus produced by mechanical contact 
in a number of higher animals, and gave to the phenomena which he 
observed the name stereotrapism. 

Any small object of character similar to filter paper acts equally 
well as the centre of a gathering of Paramoecia. A piece of any other 
paper, a small bit of linen or other cloth fibre, a bit of sponge, etc, 
all have the same effect. Any of these substances may previously be 
boiled in the same fluid in which Paramoecia are found, in order to 
remove all traces of oxygen, carbon-dioxide or any other soluble 
substance which might be contained within it ; yet the effects are the 
same. The experiment may be performed with the Parama^ia Id 
hydrant water, in water from the culture jar, or in distilled water, 
without altering (Jbe result 
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There can be no question therefore that the bit of paper or other 
body acts merely in virtue of its being a solid of a certain physical 
structure, and not in consequence of any chemical action, in deter- 
mining where a collection of Paramcecia shall take place. 

The beginning of a collection about such a body, possessing as 
it does no influence at a distance, is made possible by the continuous 
motion of the Paramcecia. If a preparation of Paramoecia on a slide, 
conUuning in one spot a small bit of filter paper is closely observed, 
the Paramoecia are seen at first to swim hither and thither in every 
direction, apparently without directive tendency of any sort. They 
swim now in a curved path, now in a straight one, sometimes about 
the margin, or again cutting across the middle. Soon a single indi- 
vidual strikes in its headlong course the bit of paper. It stops at once, 
often starts backward a slight distance, and whirls on its short axis 
two or three times, then settles against the bit of paper, and remains. 
Quickly another and another strike in the same way and remain. 
Now the excretion of CO, by the animals gathered together begins 
to take effect ; the region becomes a strong centre of attraction, and 
in ten to fifteen minutes, and often less, the paper is surrounded by 
a dense swarm of Paramoecia, containing a large majority of all those 
in the preparation. Of course only the beginning of the collection 
is to be considered due primarily to the reaction to solids; the 
remainder of the phenomenon comes under the head of chemotaxis. 

The habit which the Paramoecia have of swimming swiftly hither 
and thither, often changing the direction of the course, is evidently 
essential to the occurrence of the thigmotactic effects. In the pre- 
ceding part of the paper it was shown to play likewise an important 
part in chemotaxis. The continual and rapid change of position of 
the body of the animals subjects them to many more stimuli than 
would otherwise fall to their lot, and brings every individual in a 
preparation in a comparatively short time into the region of influence 
of any stimulus the direct action of which is confined to only a 
limited area. 

Thigmotaxis alone is not capable of producing the dense assemblages 
of Paramoecia above described. If a quantity of water containing Para- 
moecia is placed in a flat-bottomed open dish, and a bit of filter paper 
or other similar solid introduced, the Paramoecia commonly form no 
collection about it. If such a solid is watched with the microscope 
it will be found that the behaviour of a Paramoecium on striking 
it by chance is at first exactly as toward the bit of paper under a cover- 



300 H. S. JENNINGS. 

glass. The Paramoecium applies itself to the paper and remains. But 
the CO, continually escapes, so the place does not form a chemotactic 
centre, and in a short time the Paramoecium swims away. There is 
much chance in this matter, however: if other causes combine to 
make this particular region a centre for the Paramoecia, then sufficient 
CO, is produced to supply the escape, and the Paramoecia do gather on 
the bit of paper. For example, this may be the case if the solid body 
lies in the bottom of a convex watch-glass (cp. p. 294). 

The Paramoecia do. not gather with equal avidity about solids of 
all sorts ; the body must be of a certain type of physical structure to 
excite easily the thigmotactic reaction. Fibrovs bodies, such as frayed 
filter paper, are especially effective. Materials composed of light 
particles have a similar effect ; thus Paramoecia quickly swarm upon a 
mass of powdered carmine when it is introduced beneath the cover-glass. 
Starch grains act in the same way. Also if saliva be mixed with the 
water, the Paramoecia swarm about the remains of the dead cells 
contained in it, though to filtered saliva they ai*e negatively chemo- 
tactic Surfaces covered with a layer of sticky mucus-like material 
are likewise very effective ; a bit of glass which has been dipped in 
saliva or white of egg is soon surrounded by the infusoria. This 
re£u;tion is not due to positive chemotaxis, since if the Paramoecia are 
tested with albumen or saliva alone, they are found to be indifferent 
or negatively chemotactic. It is not however a matter of mechanical 
fastening to the surface by being caught in the sticky substance. The 
Paramoecia are entirely free in their motions, shifting their positions, 
leaving and returning and acting in all respects like the individuals 
gathered about fibrous or powdery bodies. 

To smooth hard bodies the Paramoecia do not respond unless chemo- 
taxis is combined with thigmotaxis. Perfectly clean glass, stone, wood, 
and the like rarely become the seat of such swarms as above described. 

The tendency to gather about and settle upon solids is strikingly 
increased by the presence in the surrounding water of some substance 
to which the Paramoecia are positively chemotactic. This is especially 
true when the water contains the proper amount of CO,. For example, 
as just stated the animals do not commonly tend to gather on smooth 
hard substances, such as the glass tubes generally used in my experi- 
ments for supporting the cover-glass. Suppose, however, that in the 
experiment with CO, shown in Figs. 13 to 15 (p. 289) the bubble of 
gas is situated close to one of the glass rollers used in supporting the 
cover. As the ring of Paramoecia spreads out, it will at perhaps the 




REACTIONS OF CILIATE INFUSORIA. 301 

stage shown in Fig. 14 come in contact with the glass roller. There- 
upon the ParamoBcia in that part of the ring settle upon it. As all 
the ParamcBcia in the ring swim around the bubble in a circular path, 
soon almost all will have come in contact with the glass roller and may 
settle upon it, till there is nothing left of the ring of Paramoecia except 
the spot where it was tangent to the glass roller. As the CO, continues 
to spread the circular area becomes larger, so that the glass roller cuts 
the circle in two points instead of being tangent to it. The Paramcecia 
follow the circumference of the circle as it moves along the glass rod, 
the original simple group of attached Para- 
moecia separating into two, which move 
fiuther and farther apart along the rod as 
the circle becomes larger. A stsige in such 
a preparation is shown in Fig. 17. 

Within the area formed by the excre- 
tion of COj by the Paramoecia (such as *^' ^^ 
shown in Fig. 3), it can be observed that, even if no large solid body 
is present about which the Paramoecia may gather, many of them will 
have their anterior ends applied to small particles in the water, or 
numbers of them are collected about roughened spots on the surface 
of the glass slide. The increased tendency to react to the contact 
stimulus in the presence of CO2 is observable in many ways. 

The phenomena of thigmotaxis may be exhibited toward bodies 
of extraordinarily minute size. This is shown by such observations 
as the following. A single carmine grain, of not more than ^ the 
diameter of the short axis of a Paramoecium had become fastened by a 
minute fibre of some sort in such a way that it was movable, but could 
not be carried away from the region where it was anchored. Paramoecia 
were numerous in the preparation, and occasionally one would strike 
with its anterior end against the grain of carmine. Thereupon it 
woald stop with its anterior end applied to the grain, and begin to 
swing in a circle about the latter, pushing it hither and thither, but 
not being able to loose it from its moorings. This continued for a 
minute or more, the energetic ciliary motion nicely adjusted in such 
a way as not to destroy the contact with the grain. After a minute 
or two the Paramoecium left the grain. Soon another individual struck 
it and the performance was repeated. Occasionally two or even three 
would gather about the grain at the same time, all swinging together in 
such nice adjustment that none were displaced. 

Very often one notices on a slide containing many of the infusoria 
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numerous small groups of ParamoBcia, consisting of half-a-dozen indi- 
viduals, more or less, having their anterior ends applied together, and 
the whole group revolving and progressing like a colonial infusorian. 
I have examined carefully many such cases and have never failed to 
find at the centre of such a group a minute particle of some sort, 
against which the anterior ends of the Paramodcia were pressed Such 
observations show an extreme sensitiveness to contact in the anterior 
ends of the Paramoecia. 

In a similar way it will often be observed that a Paramcecium is 
carrying about, at its anterior end, a single minute grain of some 
substance. Under such circumstances the infusorian exhibits extremely 
characteristic motions (cp. p. 304). 

Position of the Animal and Motion of the GUia in Thigmotaais. 

In the case of individuals gathered about a larger solid body, such 
as a bit of paper or a piece of decaying plant tissue, the anterior end 
is commonly applied to the surface of the solid, as just described in the 
case of minute granules. This is not by any means 
always the case, however; almost any part of the resting 
individual may be applied to the solid. For example, in 
the case of fibrous bodies, the animal may often be seen 
to lie lengthwise along a fibre, touching it only on one 
side, while both ends are free (Fig. 18). In other cases 
a Paramoecium may lie crosswise to a fibre, or be touched 
in two different regions by different fibres. 

There seems to exist a typical arrangement and 
motion of the cilia in individuals exhibiting thigmo- 
taxis, but this arrangement is not invariable, and a 
great variety of motions may occur in thigmotactic 
individuals. It will be important however to gain a 
conception of what this tjrpical condition is, both for 
its own sake, and because of its significance for an understanding 
of the peculiar interference of thigmotaxis and electrotaxis, to be 
described below. 

For this purpose it is impossible to use the method employed by 
Ludloff for studying the motions of the cilia in electrotaxis, — ^the 
introduction of the animals into a thick gelatine solution. In such 
a solution they are not under normal conditions and do not respond 
to the contact stimulus, at least not in a pronounced and normal way. 
The motion of the cilia must therefore be observed under normal 
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conditions in ordinary water. Direct observation of the cilia in thiu 
way presents great difficulties: it can be used to a certain extent as 
a control for other methods, but the most satisfactory results may be 
obtained by observing the currents produced by the cilia, shown by the 
motion of particles in the surrounding water. As such particles the 
bacteria in the water in which the Faramoecia live may be employed. 
The clearest results however are gained by the well-known method of 
introducing powdered carmine into the water. 

Using these methods we find the typical arrangement and motion 
of the Faramoecia in thigmotactic individuals to be as follows: 

The cilia in that region which is applied to the solid body are 
entirely motionless. They are not pressed down against the body of 
the animal, but appear like minute straight stiff rods, attaching the 
Param€ecium to the object (Fig. 18). Where the latter is very small, 
as a grain of carmine, the few cilia touching it gain the appearance of 
stifif prehensile organs, used for holding the object If the body is 
large and soft, as in the case of the decaying plant tissue commonly 
used as feeding grounds by the Faramoecia, the anterior end is imbedded 
for a certain distance in the soft material, and the cilia in this whole 
imbedded region are stiff and quiet 

In the oral groove the strong cilia are exceedingly active, all striking 
toward the mouth. Within the groove the cilia are therefore directed 
toward the rear, producing a strong backward current of the carmine 
particles. On the elevated edges of 
the groove the cilia strike inward, 
toward the middle of the groove, so as 
to drive particles into the current 
passing along the groove toward the 
mouth. Behind the mouth the strong 
current passing backward is stopped 
and turned outward, away from the 
animal The result is the formation 
of a strong whirlpool on the oral side 
of the anterior half of the infusorian, 
as shown in Fig. 19. (Whether this 
strong motion of the oral cilia is to 
be considered in itself a reaction to 
the contact stimulus, or whether these 
dlia move in the same manner in the free swimming animal I have 
not determined.) 




Pig. 19 



Side view of Thigmotactio Param(Bcium, 
showing corrents of water. 
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Over the remainder of the body of the animal the cilia are com- 
paratively quiet They are not held stiffly immobile, as at the part 
in contact with the solid body, but may generally be seen to be 
quivering everywhere. Occasionally in one or the other part of the 
body the cilia are exercised energetically, changing the position 
of the animal, forcing it closer to the object or the like. In cases 
where several individuals are gathered about a single movable particle, 
as described earlier, the cilia covering the body (which may be dis- 
tinguished as locomotor cilia as compared to the oral cilia in the 
groove), must of course be in active co-ordinated motion. The 
characteristic effect of the contact stimulus on the locomotor cilia 
is to inhibit their motion: they may however respond to a certain 
extent to other stimuli, while in this condition, as will be shown 
in detail for the electric stimulus. 

As the locomotor cilia are thus comparatively still, they do not 
produce currents when the animal is quietly feeding ; the entire set of 
characteristic currents under this condition is due to the whirlpool 
caused by the cilia of the oral groove. The water rushes in from all 
sides to join this whirlpool, so that the currents present an arrangement 
which is shown in side view in Fig. 19. From the anterior end and 
the aboral side the currents pass obliquely toward the mouth, and then 
to the rear, so that everywhere at the posterior end of the animal the 
currents are to the rear. This is modified in some cases, probably by 
the position of surrounding objects, in such a way that the currents at 
the posterior end form an arch, obliquely forward on the aboral side, 
obliquely backward on the oral side. Either of these arrangements 
is comprehensible as due to the presence of the whirlpool on the oral 
side of the anterior end. In the former case the water forming the 
currents which pass into the whirlpool from the aboral side comes 
more from the anterior end ; in the latter case more transversely or 
partly from the posterior end, — the anterior region being blocked by 
the presence of a solid body. 

When the solid body inducing the thigmotactic reaction is very 
small and movable, as in the case of a single carmine grain at the 
anterior end of the animal, the Paramoecium does not itself remain 
quiet, but moves in a peculiar manner. The creature moves partly 
forward, partly sideways, in such a way that it describes a circle, or 
rather, its two ends describe two concentric circles, the inner one 
being traced by the anterior end ; the long axis of the infusorian 
always lying in a radius of the two circles. Reflection shows that 
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this motion is merely the resultant of the various directive impulses 
due to the motion of the cilia in the oral groove, as indicated in Fig. 19. 
The cilia beating strongly backward in the oral groove of cours*^ impel 
the auimal forward. But as the active cilia are all on one dde, there 
is also a tendency to move toward the opposite side. The resultant of 
these two motions at right angles to each other is a motion in the 
circumference of a circle. In fact, the animal moves forward in 
exactly the lines indicated by the arrows in Fig, 19» only of course 
in the opposite direction from the water currents. The ciliary motion 
is thus the same whether the thigmo tactic animal is at rest or in 
motion: in the former case it is the water currents that move obliquely 
backward ; in tbe latter case the animal moves on the same lines 
obliquely forward. The Paramcecium is, as it were, whirletl about in 
its own whirlpool. 

Summing up, we may say that under the influence of the 
contact stimulus the cilia of three regions of the body are 
affected in three different ways. The cilia which are in 
contact with the solid body are held stiff and immobile, at 
right angles to the surface of the animal. The cilia of the 
oral groove have a strong motion directed toward the mouth. 
Over the remainder of the body the cilia are quiet or quiver 
ineffectively. 

Intef/eretice of Tfiigmota^ and EUetrotams, 

As Jescribed in the "Introductory Experiment" (page 260), after the 
Paramcecia have gathered closely about the bit of decaying plant tissue 
or ftther solid, they no longer respond to the electric current. Before 
collectiug about the bit of paper, the Paramcecia respond to a current 
foim five or six or even a lees number of chromic acid colls. After 
they have collected on the solid, the same current seems not to affect 
them. Increase the current to 10 cells ; 20 cells j the Paramcecia still 
remaiu quietly against the bit of paper. When 30 cells are employed 
the current is so strong that sparks are obtained as the quicksilver key 
i^ closed, and it passes through a very thin layer of water containing the 
Paramcecia, so that the intensity mimt be great. Still the Paramcecia 
remain in place. Very slowly, however^ the outermost Paramcecia in 
the group may now be seen to loo^n themselves and swim to the 
cathode, — especially if the direction of the current ia reversed several 
%imm in succession. Bnt many maintain their position for a long time. 
With a weaker current — say of 10 cells — the Paramcecia retain their 



306 H. S. JENNINGS. 

position indefinitely, though under other circumstances they respond 
at once and strongly to such a current. 

We know from the work of Ludloff that the effect of the constant 
electric current upon Paramoecium is due to its influence on the stroke 
of the cilia. At the side or end of the Paramoecium which is directed 
toward the anode the cilia are so influenced that the effective stroke is 
to the rear, and urges the animal forward. On the cathode side or end 
the influence is such as to make the effective stroke of the cilia 
forward, thus urging the animal itself backward. The result is that if 
the animal lies in a position which is oblique to the direction of the 
current, it is at once turned by the action of the cilia above described, 
until it lies with its long axis in the direction of the current and ita 
anterior end to the cathode. The animal then swims to the cathode as 
a result of the greater effectiveness of the backward stroke of the cilia 
on the posterior (anode) half of the body, as compared with that of the 
forward stroke on the anterior (cathode) half. (For detiiila see the 
paper of Ludloff.) 

The key to the fact that thigmotactic Paramoecia do not respond to 
the electric current must be looked for therefore in some change in the 
way that the cilia react to the electric stimulus. I have gtudied thia 
reaction in the same manner as above described for the study of the 
ciliary motion in thigmotaxis alone. Carmine grains were introduced 
into a preparation of Paramoecia in which the animals were gathered 
about some solid object, then the currents of water produced by the 
motion of the cilia when the constant electric current was passed 
through the preparation were observed. For applying the unpolarisaUe 
electrodes to the preparation, the cover-glass was supported at each euA 
either by pieces of filter-paper, or by disks of clay, as described hy 
Ludloff. 

The necessary observations require a great deal of time and patience, 
as individuals under exactly the required conditions are not easy to 
find. The Paramoecium to be observed must of course lie in the 
characteristic thigmotactic position, resting against some Bolid body. 
Furthermore, it must be a solitary individual, at some distance from 
others, in order that the currents produced by its cilia may not be 
interfered with by currents from other Paramoecia. As the Paramoecia 
tend to congregate, this condition is hard to find fulfilled. Then the 
individual must lie either parallel with or transverse to the direction of 
the electric current, as obliquely lying individuals do not give clear 
results by the method of studying the currents. Having found such an 
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individiialj it is Dext necessary to observe carefully the direction of the 
currents caused by th^ cilia before the electric circuit is closed, as well 
Bs to note which end or side is toward the fiiture anode or cathode. 

We wil! take up first the case where the Paramoecium liea with its 
long axis in the direction of the electric currentj the anterior end to the 
anode, the posterior to the cathode. The anterior end of the animal is 
pressed against the piece of filter paper, and the currents of water are 
as shown in Fig. 19, Ab will be seen from this figure, in tlie commoner 
case the current is obliquely to the rear over the whole animal, and if 
the infusoriao is seen in any but a side view this obliqueness disappears^ 
the currents seeming to pass straight back. The position of the 
animal and direction of the currents may therefore be indicated by 
Fig. 20. 



Fig. 20 



Thii^motACLtic ParamoL'ciam, Blowing 
direiitioii of water currentg with 
electric circa it upeih 



EtLMG indtTiflual shown in Wig. 20, _ 
EkfU'T closing the electric circnit. 




If now the electric circuit be closed, with cathode and anode in the 
position shown, the current of particles is quickly reversed on the 
posterior half of the animal, but continues in the same direction on the 
anterior half The result iB shown in Fig. 21. 

If now the electric current is reversed, so that the cathode and 
anode change places, the direction of the stream of granules over the 
posterior half of the body is likewise reversed, passing again to the rear 
aa at the beginning. The animal retains its position undisturbed, 
however; or sometimes it swings into an oblique position, so that the 
effects are no longer clear. But often the reversal may be repeated a 
larg^ number of times^ the animal remaining in place. I will copy 
from my record two typical cases of this sort, 

(a) Paramoecium aa shown in fig, 20. With the electric circuit o^pen the 
atreain of particles is to the rear. Circuit closed with the posterior end to 
the eathode ; the str^tm of particles now [lasses forward on the posterior half 
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of the animal. Electric current reversed ; stream of particles likewise re- 
versed, passing again to the rear. In 30 seconds the electric current waa 
reversed 13 times, accompanied in every case by a reversal of the stream of 
granules. The circuit was then opened and the animal was observed 45 
seconds longer; no reversals occurred during this time. 

(6) ParamoBcium as in fig. 20. Electric current reversed 10 times in 20 
seconds, accompanied each time by a reversal of the stream of granules. Then 
the circuit was open for 30 seconds ; no reversal during this time. 

If however instead of reversing the electric current we allow the 
circuit to remain closed, with anode and cathode as shown in Fig. 21, 
we find that the current of granules over the posterior half of the 
animal does not continue to pass forward, as in Fig. 21, but in a few 
seconds the currents begin to flow again in their Original direction (Fig. 
20). The electric circuit remaining continuously closed, in a few 
seconds there is another reversal of the current at the posterior end 
(Fig. 21), lasting but an instant, then a return to the original direction. 
Then another reversal ; another return, and so it continues indefinitely. 
A few extracts from my notes, records of actual cases observed, will 
bring out the conditions and limitations of this phenomenon. The 
position of the animal was in every case as shown in Fig. 20. A 
" reversal " signifies a period when the cilia strike forward over the 
posterior half of the body. 

(c) The animal was watched 40 seconds continuously, with open 
circuit; during this time the stream of granules was always to the rear. 
Circuit closed; current of particles at the posterior end reversed, then returned 
to the original direction. Circuit remained closed 25 seconds, during which 
time there wei*e seven such reversals, at intervals of 2 to 5 seoond& The 
i*eversals became more frequent in the latter part of the period ; the animal 
became restive, swung back and forth, till finally it swung entirely out of its 
position and was not observed farther. 

(d) Six reversals of the current of granules in 15 seconds with closed 
circuit 

(e) With circuit open, no i*eversals in 45 seconds. Circuit closed ; three 
reversals in 60 seconds. 

(/) Circuit closed'; six reversals in 18 seconds; circuit opened, no 
reversals in 12 seconds. 

(g) Circuit closed for 60 seconds; nine reversals at nearly equal 
intervals. Each reversal commonly lasted but an instant; sometimes how- 
ever 4 or 5 seconds. 

(A) Circuit closed 30 seconds; 10 reversals. 
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(i) Oircnit closed ; na revemala for 15 seconds; then six at intervaJB of 

about thr^ seconds; then no more for SO seoonda. Observations interrupted. 

(/) Circuit open for 30 seconds; no revereala. Closed 90 seconds; 8 
reversals. Circuit continues closed 60 seconds longer^ but no more reversals 
oeear. 

(it) Circuit closed 28 seconds ; IS reversals in this period. 

From the above it appears — 

(1) That the current of graaules, originally toward the posterior 
end in thiginotactic individuals, is reversed at the cathode end when 
the animal ia subjected to the electric current with the cathode at the 
posterior end ; 

(2) That the reversal doea not last, but the current produced by 
the cilia quickly returns to its original direction, even when the electric 
circuit rmnains closed, 

(3) That the length of time which the reversal lasta varies from an 
instant to several seconds. 

(4) That the interval of time between the reversals varies from a 
fraction of a second (case k) to 20 or more seconds (case e). 

(5) That in some cases the electric circuit may remain closed a 
considerable time without cauaiug any reversals (cases i and j). 

(6) That sometimes the first reversal does not occur till some 
seconds after the circuit is closed (case i). This is often true. 

I may add — 

(7) That cases occur, though rarely, where the ordinary cuiTent 
used (10 cells) causes no reversals at all. In other cases, while no 
actual reversals of the currents of particles occur, sudden and repeated 
Moppages indicate the effect of the electric stimulus* 

In Paramoecia occupying the positions shown in Fig. 20 no change 
was observed in the currents of granules over the anterior half of the 
animal when the electric circuit was closed. 

If the Paramoecium lies in a position the reverse of that shown In 
Fig. 20^ — that is, if its anterior end is to the cathode, the posterior to 
the anode — the efiFect of the electric current on the stream of granules 
is not so noticeable as in the foregoing casa If the stream of granules 
orer the posterior half of the animal (anode end) is already toward the 
rear when the circuit is open, closing the circuit simply increases the 
strength and rapidity of the current. In the few cases where the 
current of granules is obliquely forward at the posterior end of the 
animal when the circuit is open, closiug the circuit with the anode at 
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the posterior end causes a reversal of this current — the granules passing 
to the rear. This case— the posterior end of the animal to the anode — 
is much more difficult to study than the opposite one, because the 
animals generally swing quickly into another position when the circuit 
is closed. At the anterior end (toward the cathode) commonly no 
change is visible. In a few cases, by direct observation of the cilia, 
they seemed to take a position such as to be directed a little more 
forward^ as would be expected from Ludloff's results. In other cases 
however precisely the reverse change seemed to take place. But it is 
only natural that the results here should not be clear, when one 
considers the effect of the motion of the cilia over the posterior half 
of the body. The strong backward current of particles in this region 
produced by the closing of the circuit corresponds of course to a strong 
tendency to push the animal itself forward. As the anterior end is 
generally partly imbedded in the soft mass of decaying plant tissue, the 
forward push from behind tends naturally to bend the anterior cilia 
backward. Hence the variation in the. observation, due to the varying 
ratio of the effects produced by the current itself (inclining the cilia 
forward, according to Ludloff) and the push from behind (inclining 
the cilia backward). The effect of the electric current on the posterior 
half of the body is clear ; on the anterior half (by this method of study) 
it is not. 

The third case which calls for discussion is that in which the animal 
lies transversely to the direction of the current. Suppose the current of 
paiticles is everywhere to the rear when the circuit is open. The circuit 
is now closed with anode and cathode on opposite sides of the animal. 
Immediately there is a reversal of the stream of granules on the 
cathode side, the granules here passing forward, while on the anode 
side it continues backward as before. The currents under this condition 
are shown in Fig. 22. If now the electric 
current is reversed, the streams of granules on 
both sides of the animal are reversed — passing 
backward on the previously cathode side (now 
turned toward the anode), and forward on the p^g 22 
previously anode side (now turned to the "^ 

cathode). The change in the direction of the motion of the cilia 
naturally produces some change in the position of the body of the 
infusorian, the animal swinging on its fixed anterior end as a pivot a 
certain distance towards the cathode. Therefore as the electric current 
is successively reversed, the animal oscillates back and forth. 
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(^ ParamcBcium with the left aide to tte cathode; stream of particles on 

both Hides to the rear when the circuit is open. Electric cireait closed; 

Btream on left side now forward. Circuit open ; stream on both sides again 

~ to the rear. Circuit oloBed three times in Einoceasion, ^jch time prodiicing a 

ii?Tersal on the cathode aid a 

(m) Animal transverse to the electric current, with the stream of 
giunyles on both sidofi to the rear. Circuit (30 cells) closed ; stream of 
granules reversed on the cathode side, pewsing forward^ and the animal 
swing! toward the cathode. Electric current reversed ; stream of gran a lea 
on both sides reversed, and the auimal awingg in the opposite direction — 
toward the new cathode, Reversal repeated 25 times, always with the same 
r^^suJt. The animal does not leave its phu^a 

If the circuit remains closed after having caused a reversal of the at 
first backward streara of granulea on the cathode side, in a few seconda 
the stream of granules returns to its original direction. The circuit 
remaining closed, the stream of particles is again reversed on the cathode 
aide after a short ioterval. These oscillations continue, exactly as 
described in detail for the case in which the posterior end is directed 
to the cathode, — except that in the transverse position it is only one 
side which shows the repeated reversals — the stream of granules remain- 
ing always directed to the rear on the anode side. 

lo interpreting these results we must keep in mind the normal motion 

of the ciha in thigmotactic individuals. As described previously, in such 

animals the oral cilia strike strongly backward, while the locomotor cilia 

show merely an ineflFective quivering. The reversal of the current on 

the cathode half of the body indicates thus that the locomotor cilia of 

this half are suddenly set in motion, such that they strike forward. It 

does not imply however a reversal of a previous motion of these cilia. 

The conflict between the two stimuli is therefore to be expressed as 

foliowa The contact stimulus tends to keep the locomotor cilia at rest ; 

the electric stimulus to set them into strong motion — directed forward 

at fche cathode side or end; backward at the anode side or end, 

W^&ether the electric stimulus has an eflfect on the oral cilia also is 

not det^moined by these observations. 

in summiog up, we may say; 

L l€^y On the anode end or side the effect of the constant electric 
current is to drive the stream of particles to the rear. The cilia are so 
affected as to naake the backward stroke stronger, 
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(b) On the cathode end or side the effect of the constant electric 
current is to drive the stream of granules forward. The cilia are so 
affected that the forward stroke is made stronger. 

For the anterior end these phenomena were not determinable by 
the method used, but the results were clear for the other parts of the 
body. 

The results are thus (omitting from consideration the undetermined 
point just mentioned) a confirmation of Ludloffs results. I have 
thought it worth while to emphasize them, as they were gained by 
a different method from that used by Ludloff. 

2. A struggle takes place between the contact stimulus and the 
stimulus of the constant electric current. The characteristic aorrangement 
of the locomotor cilia in thigmotaxis is overcome by the electric current 
for an instant, then the contact stimulus resumes its sway; then the 
electric; and thus the oscillations continue. The two stimuli do not 
unite and give a resultant reaction ; the cilia seem to react at a given 
time to one or the other alone. With the ordinary electric current that 
suffices easily to direct the free swimming Paramoecia to the cathode, 
the contact stimulus shows itself the stronger and the infusoria do not 
swim to the cathode, but remain in contact with the solid body. With 
a very strong current (30 small chromic acid cells newly filled), the 
action of the electric current is very powerful ; the reversals in direction 
of the water currents and the accompanying changes in position of the 
Paramoecia become convulsive in character. One by one the Paramoecia 
loosen from their position and swim to the cathode. There are very 
great individual differences in regard to this; some few individuals 
retained their position on the bit of filter paper in spite of the strongest 
current I could produce with the battery at my disposal. But the great 
majority may be forced by such a current to finally leave the solid body 
and swim to the cathode. 

I do not feel prepared at present to enter upon a discussion of the 
significance of this struggle between two stimuli Probably the pheno- 
mena here described may find explanation from some simple point of 
view when the precise nature of reactions to stimuli in unicellular 
organisms is better understood, and especially if the essential nature of 
the effects of the electric stimulus become better known. 
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4. Part plated by these Reactions in the Normal Life 

OF PaRAM(£CIUH. 

Ezainination of the distribution and conduct of the Paramoecia in an 
ordinary culture jar indicates that three stimuli play the chief rdles in 
the daily activities of these infusoria. These are (1) negative geotaxis, 
(2) positive thigmotaxis, (3) positive chemotazis toward CO^. 

The effect of negative geotaods is at once evident in the presence of 
all the Paramoecia in the upper part of the water. The geotaxis of 
ParamoBcium has been minutely studied by Jensen, so that no discus- 
sion is necessary here. 

That thigmotcutis plays an important part in the daily life of the 
infusoria is shown by the £BLCt that the large majority of them will 
generally be found clinging to some solid body. A large number are 
attached to the decaying plant tissue just below the surface of the 
water. As we have seen, there is no evidence that this material in 
itself exercises a chemical attraction for the Paramoecia, and they gather 
in exactly the same manner on entirely neutral substances. A second 
very large portion of the infusoria are gathered in a narrow band on the 
glass wall of the jar, not far below the upper surface of the water ; here 
of course an active chemical action of the substratum is out of the 
question. The action of the cilia in thigmotactic individuals is, as we 
have seen, such as to tend to bring food into the mouth. 

The rdle played by positive chemotaxis towards CO, in the con- 
duct of Paramoecia under various circumstances has already been eluci- 
dated in a considerable number of examples (p. 290). In the culture 
jars the effect of this reaction is seen in the collecting together of the in- 
fusoria into dense assemblages. For example, the thigmotactic Paramoecia 
above described are not scattered here and there over the surface of the 
glass, but are gathered in a close band, not far below the upper surface 
of the water. The exact level at which this assemblage takes place is 
determined chiefly by the rapidity of the escape of COs from the water 
sarfiice. The Paramoecia tend of course to rise as high as possible, 
owing to their negative geotaxis. But close to the surface the carbon 
dioxide escapes so fast that the Paramoecia sink lower and remain at a 
level where the CO, produced by themselves reaches a concentration to 
which ibey are attracted. The same is true of the infusoria gathered 
on the decaying plant tissue. Moreover, even at the level where the 
ffg^tbenng is formed, the Paramoecia are not collected in all parts in like 
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numbers. Here and there dense assemblages, where the animak are 
gathered literally into masses, are found ; these are due to the crowding 
together of the Paramoecia, owing to their positive chemotaxis toward 
the CO, produced in such a gathering. 

Other reactions seem to play a less important part in the life 
activities of Paramcecium. Thermotaxis is sometimes noticed in the 
collecting of the animals on the warmer side of the jar ; in my cultures 
however this reaction seemed to come rather rarely into play. It in 
probable that in the case of ParamoBcia subjected to great variations in 
temperature, as may sometimes occur under natural condition, thenno- 
taxis plays an important rdle. Electrota^ds is of course unknown in the 
normal life of Paramcecium. Positive chemotaxis toward other sub- 
stances than carbon dioxide seems to have no important place in the 
normal life activities of the animal, and negative chemotaxis is scarcely 
to be observed under natural conditions. The three reactions first 
discussed seem to be the chief determining factors in the life activittea 
of Paramcecium. 

5. Genkrax Discussion. 

The present paper is to be considered aa merely the first of a series 
the purpose of which is to contribute to the knowledge of the essential 
nature of reactions to stimuli in single-cen&d organisms, and especially 
to investigate the relations of the phenomena studied to morphogenesis. 
It is hoped that at the end of the investigation thus begun some 
general conclusions of value may be presented, but it does not enter 
into the plan of this first contribution to discuss at length the broad 
general problems which this field of work offers. Certain phenomena 
above described which have a definite bearing upon some of these 
general problems may however here be emphasized. 

All the reactions studied in the foregoing investigation are ex- 
pressed by some change in the motions of the cilia. Before therefore 
conclusions as to the nature of these reactions can be gained, the exact 
changes in the motion of the cilia, and the precise relation of these 
changes to the stimulus causing them must be determined. For 
Paramcecium the only reaction which may be said to have been studied 
in this manner is electrotaxis, as presented in the work of Ludloff. A 
similar method must be followed for other stimuli before satisfactory 
general conclusions can be gained. An investigation carried out on 
these lines would have such questions as the following to answer : — 
How do the cilia react to localized stimuli? For example, does the 
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same Btiitiulus produce the same result whether applied to the anterior 
end, the poaterior eod, or the sides of the animal ? Are these charac- 
teristic neactioiia for the different sorts of sttmuli— as for different 
chemical reagents, and what are theae reactions? If the stimulus is 
COD tinned, do the reactions change ? What differences are there 
between reactions to sudden and to gradual stimuli ? Is there any 
siagte characteristic reaction to all very strong stimuli ? 

For determinatiouB of these queationa three methods may be used ; 
obaervation of the motion of the animara body, observation of the 
currents caused by the motion of the cilia, and direct observation of the 
motion of the cilia, under the influence of the proper stimuli. All these 
methods together would doubtless be necessary for accurate results in 
all points. In the foregoing investigation only the two first were used 
to any extent, and of course no attempt was made to answer all the 
above questions, jet some results were gained which would take their 
place in a systematic investigation of the sort above suggested. 

For the contact stimulus, a characteristic position and motion of the 
cilia was demonstrated. According to the results gained in this field, 
we must distinguish in Faramceciiim two different systems of cilia, 
wha"^ reactions must be studied separately : these are the oral cilia, 
which lie in the oral groove, and the locomoifyr cilia, covering the rest of 
the body. The oral cilia were shown to have in thigmotaxis a definite 
method of action, resulting in well-characterized currents of water or 
motions of the anirnars body. In the case of the locomotor cilia it is 
necessary to distinguish those which are in direct contact with the solid 
bodj, and those which are free. The former are held stiff, straight and 
immobile ; the latter keep up an ineffective quivering. The ciliary 
motion when the animal was acted upon at the same time by a contact 
stimulus and the electric stimulus was also studied, and shown to 
consast in an alternate prevalence of the reaction due to each of the 
two stimuli taken separately* The two stimuli do not combine to 
prodyce a reaction which is the resultant of the two influenceSj but 
they alternate in controlling the motion of the locomotor cilia. The 
observations on the reaction to the contact stimulus show the ex- 
ceedingly cxunplex character of reactions, even in a unicellular organism. 
A single stimulus produces three different results in three different 
regions of the body. A renewed investigation both of electrotaxis alone 
md of its combination with thigmotaxis, with relation to the precise 
action of the oral cilia, as distinguished from the others, might bring 
out some new relatione of value for our analysis. The division of the 
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body of the infiisorian into two enda and an iotermediate surfaee or 
"sides" is evidently entirely inadequate for an exact analysis of the 
reactions of the cilia ; it is quite possible that other regions beside the 
oral groove will be found to take a separate position. 

For chemical stimuli definite results were gained on certain of the 
questions above proposed. We will here leave out of consideration the 
question whether the ParamoBcia gather about a source of stimulus or 
flee from it ; such activities are too complex to gi^e precise results m 
to the motion of the cilia. We will discuss here only such activities as 
indicate exactly the motion of the cilia eatiBing them. 

When the anterior end of an animal swimming forward comes in 
contact with a strong chemical stimulus, the reaction takes the form of a 
reversal of the effective motion of the cilia; the forward stroke becomes 
strongest, driving the animal bcwktuard. The strength and duration of 
the reaction bear a clear relation to the strength and quality of the 
stimulus. A weak stimulus causes only such a reversal as drives the 
animal backward but a fraction of its own length, while if the infusorian 
comes in contact in the same manner with a drop of strong acid it darts 
backward a long distaoce— twenty times its own length or more. It 
appears that this form of reaction is not characteristic for any particular 
kind of stimulus; a similar (though weak) darting back is observed when 
the infusorian strikes a mechanical hindrance. It is probable that any 
strong stimulus acting upon the anterior end of the animal causes the 
cilia to strike suddenly forward, thus forcing the animal backward. 

The same effect is often produced if a sudden strong stimulus acts 
upon the animal from all directions at once, — that is^ if the stimulus is 
not localized at all. Thus if the Faramoacia are suddenly dropped into 
a solution of some chemical which affects them strongly but does not at 
once kill them they begin at once to swim backward. The same is true 
if they are introduced suddenly into a chemically indifferent solution 
having a strong osmotic action, as into a solution of sugar or glycerine. 
Sudden introduction into water heated to 34"* C, has the same effect. 

For studying the nature of reactions due to a stimulus acting upon 
some definitely localised region of the bodyi other than the anterior end, 
other methods will have to be used, and the investigation will doubtless 
be accompanied with great diflSculties. For the case of a stimulus acting 
upon one side, from which the Pararaoecia turn a way, as for alkalies and 
many other substances, three possible reactions suggest themselves* 
(1) The cilia on the side touched may have their effective backward 
stroke increased in power. This would turn the animal away from the 
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source of stimulus, but would at the same time urge the animal slightly 
forward. (2) The cilia on the side opposite the source of stimulus may 
have their effective stroke reversed, so as to strike most strongly forward. 
This would turn the animal away from the source of stimulus, and tend 
at the same time to drive it backward; it would therefore be apparently 
a iQore advantageous form of reaction than the foregoing, in the case of 
a strong and injurious stimulus (3) There may be some combination 
of these two methods of reaction. 

Similar considerations apply to the case of a one-sided stimulus to 
which the animals are positive. After these problems have been 
thoroughly worked out it will be possible to compare them with 
the reaction to the electric current described by Ludloff, and thus 
to gain some basis for a judgment in regard to a possible relation of 
the electric stimulus to the chemical effects of the constant current, — 
such as is suggested by Loeb and Budget 

Passing to a slightly different aspect of the subject, a peculiarity of 
the manner of reaction of Paramoecium to chemical substances may 
here be emphasized. The animal seems to respond only when there 
]» a distinct and sudden change in the chemical nature of the medium. 
If a drop of some attractive substance is introduced into the centre of a 
preparation containing Paramoecia, they do not swim in straight radial 
lines to the drop as a centre. On the contrary, the Qourse of the indi- 
vidual is apparently not modified in the least until an animal strikes in 
its random course the margin of the diffusing drop ; then the charac- 
teristic reaction takes place. Furthermore, the collection of Paramoscia 
in a region containing an attractive substance gives the impression of 
being due rather to a negative taxis to the surrounding fluid, after 
having entered the attractive solution. The Paramoscium often swims 
into the drop of attractive substance without showing any indication of 
stimulation, but as it attempts to pass out on the other side a strong 
native stimulus occurs ; the cilia are wholly or partly reversed, and 
the animal remains in the drop. 

Taming now to questions of a different character, we may ask what 
is the bearing of the fact that Paramoecium is negatively chemotactic to 
the water in which it lives ? As I have shown, the water containing 
decaying vegetable material, in which the infusoria live and thrive, has 
an alkaline reaction, and the general rule that Paramoecia are negatively 
chemotactic to alkaline fluids suffers no exception in this case. The 
native chemotaxis toward this fluid is shown by the avidity with 
yridch Paramoecia immersed in it gather into a drop of neutral fluid. 
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such as distilled water or sugar solutioD, as well as by the fact that 
Paramcecia already in a neutral solution avoid without exception a drop 
of water from the culture jar. What relation has this to the subject of 
accUmoHzation or adapt>ation to the environment ? 

It seems to me that we are driven to the simple conclusion that 
negative or positive taxk is not a best of adaptation. It cannot bo 
doubted that the Paramcecia are thoroughly acclimatized to the solution 
in which they live. Here they thrive and multiply immeQsely, Yet 
they are strongly negatively chemotacttc to this same solution* 

A related problem is presented by the strong positive chemotaxia 
of ParamGBcium toward carbon diojfide. This reaction plays a most 
important part in the life of the organism ; in fact X believe that it i^ 
not too much tfO say that it is the chief directive influence affecting 
Paramcecium. Yet we know that carbon dioxide ia decidedly injurious 
to most animal protoplasm, and Loeb and Hardesty have shown that 
it is a positive poim>n for this same infusorian Paramoeeium,^ — acting in 
virtue of its own chemical properties and not merely through its taking 
the place of the necessary oxygen. 

Doubtless other protozoa will be found that are attracted by COj. 
This is rendered especially probable for ceitain infusoria by the 
obaervations of Pfeffer, already referred to, Pfeffer (p* 618) observed 
such collections of individuals as are described in this paper for 
Parammcium, in the case of Olauconui aciniillans, Colpidium mlpoda^ 
Siyl^nychm mytilus^ and in Paramoacium itself. As I have tried 
to show on p. 294i, the collections in all these cases are probably due I 
to the same cause as in ParamoDcium — positive chemota^is toward the 
excreted carbon dioxide* 

We must not forget however that ParamcBcium is repelled by a 
concentration of COa that is strong enough to be injurioua This would 
seem to make it probable that such solutions of COg as are attractive, 
are so because they are beneficial. That carbon dioxide should serve * 
any beneficial purpose in the animal cell seems however on general ^ 
grounds highly improbable, and this improbability is increased by the 
fact that the COt by which the Paramcecia are attracted is excreted by 
the Paramcecia themselves. It seems exceedingly paradoxical that an 
organism should excrete a substance to which it is strongly attracted. I 
Yet this is undoubtedly the case- The paradox seems almost to rise to " 
an absurdity however if it is held that the animals are attracted to this 
excreted substance because they 'nmd it ; in that case why should it have 
been excreted ? 
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It is perhaps comprehensible tbat an organ ism should sometimes be 
attracted bj an injurioos substance with which it normally never comes 
ID contact. One might bold in such a case that the reaction toward 
this substance has never been determined by natural selection or 
otherwise J the organism might therefore react to this in the same way 
as toward some other substance having a somewhat similar action, but 
nniiijuriotia, with which the animal has previously come into relation. 
Such a reaction might perhaps be called a mistake on the part of the 
organism, due to the similarity of two substances, one beneficial, the 
other injurious. In other words, the protoplasm has never become so 
differentiated as to give a different reaction with these two substances. 
It is of course a well-known fact, brought out in Pfeffer's researches, 
that organisms are often attracted by substances with which in a state 
of nature they never come in contact, these substances having a 
chemical similarity to certain others which form a customary means of 
attraction. Thus, it iB known that potassium chloride is strongly 
attractive to certain bacteria and doubtless plays an important part in 
their lile activitiea These same bacteria may be likewise attracted by 
the closely related substance rubidium chloride, though under normal 
circumstaDcoiS they undoubtedly never come in contact with this. 

But any such explanation is of course entirely excluded in the case 
of carbon dioxide — a substance with which the Paramoecia are con- 
tinuoiisly in contact, in one way or another, especially as the reaction 
due to it plays such an important part in the life activities of the 
auimal. The possibility occurs to one that the positive chemotaxis 
toward CO^ may have some relation to the organisms upon which 
Patamcecium feeds — the bacteria of decaying vegetable materiaK 
There seems however to be nothing known to suggest this possibility. 
The evident result of the positive chemotaxia of Paramoecium toward 
CO, is the gathering together of the infusoria into dense collections, 
but what purpose is served by these collections does not appear. 

The attraction of ParamtH^ia toward self-excreted CO, seems to 

throw light on a general question proposed by Pfeffer ; namely, 

whether it is necessaiy, in order that a substance should act as an 

attractive stimulus, that it should be taken into the organism. As the 

CO^ in the water was first produced within the Paramoecia, and acts as 

a stimulus after it has been given off to the outside, it appears that the 

stimulus must be an external one; Pfeffer*s question, in accordance 

with this is to be answered in the negative. 
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6. Summary. 

1. ParamcBcium aurelia is strongly positively chemotactic to a 
solution of mrbofi dioxide in water. 

CarboD dioxide is excreted by the Faramoecia in quantities sufficient 
to be detected with proper reagents. By thi^ excreted COj the 
infuaoria are attracted ; hence they tend to gather into dense groups. 
This positive ohemotaxis to the carbon dioxide excreted by themselves 
plays a very large part in the normal activities of FaramoBcia, ( 

2. FaramcBcium is also positively chemotactic toward all weak 
acids and all solo tic ds having an acid reaction, so far as tested. , 

Toward strong solutions of all acids, including COsi, the infusoria are 
negatively chemotactic, 

3. Faramoecium aurelia is negatively chemotactic to the fluid 
(water containing decaying vegetable matter) in which it lives and 
thrives. This fluid has an alkaline reaction. Faramoecium is likewise 
negatively chemotacticj so far as tested, to all solutions having an 
alkaline reaction. It is also ne^tively chemotactic to certain neutral 
salts and organic compotinda 

4. Toward certain organic substances, as sugars, glycerine, urea, 
Faramoecium is entirely indifferent^ so far as chemical properties are 
concerned. 

5. Faramoecia which are collected in a drop of a solution to which 
they are positively chemotactic, show a modified reaction to the 
constant electric current. They swim toward the cathode till the 
boundary of the drop of solution to which they are positively chemo- 
tactic is reached, but cannot be forced past this boundarj' into the 
surrounding water, except by a very powerful and long-continued 
electric current, 

6. TanotamSt the directive stimulus due to a change of osmotic 
pressure, acts only within wide limits, so that for most solutions it does 
not come into action at all, the chemical qualities of the soIutioQ 
determining the conduct of the Faramoecia long before the limit at 
which ton o tax is becomes effective is reached. While great variation in 
osmotic pressure does act as a stimulus, this stimulus is not of sufficient 
strength and defmiteness to prevent the infusoria from swimming into 
solutions of such osmotic power that they are quickly killed. Tonotaxis 
therefore plays no important part in the life activities of ParamcBcium, 

7. Paramtecium responds in a characteristic way to the stimulus of 
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contact with solid hodiea. This reaction eonsiBtfl of the following 
factors ; (1) the Pammoeciiitti places iteelf against the solid body 
(poaitive thigmotaxis), the cilia which are in actual contact with it 
being held straight, stiff and immovable; (2) the oral cilia have a 
strong and characteristic motion ; (8) the locomotor cilia are nearly at 
rest, merely quivering ineflFeetively* 

8, If through a preparation containing Pararacecia exhibiting the 
thigmotactic reaction a constant electric current is pasaed, the Pam- 
xnoecia do not swim to the cathode, as under other circumstances, but 
reoiain in contact with the solid body. 

Exact observation shows that under such circumstances the two 
stimuli alternate in controlling the locomotor cilia. On the cathode 
side or end the cilia btb m affected by the electric current that the 
effective stroke is forward (aa described by Ludloff), thus driving the 
water currents in the opposite direction from that which they have 
under the tbigmotactic stimulus alone. But this reversal lasts but an 
instant ; then the tbigmotactic stimulus resumes its sway and the water 
currents again pass backward The electric circuit remaining closed, 
another reversal takes place in a few seconds, then another return 
to the original direction, and this alternation of reactions may be 
repeated many times. 

IJ. The reactions which play the chief part in the normal life of 
ParamcBcium are negative geotaxis^ positive thigmotaanSj and positive 
ckeffiatawia toward carbon dioxide. 

The foregoing work was done in the Physiological Institute of the 
University of Jena, during the winter semester of 189G--97. It gives 
me pleasure to acknowledge here my great obligation to Prof. M, 
Verworn for much valued counsel and assistance throughout the work. 
I wish to express my thanks also to the Director of the Institute, Prof. 
BiedermanUj for placing at my disposal in the most obliging manner 
the space and resources of the laboratory, 

J^MA, Marth 2, 1897. 
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STUDIES ON REACTIONS TO STIMULI IN UNICELLULAR 
ORGANISMS. IL— THE MECHANISM OF THE 
MOTOR REACTIONS OF PARAMECIUM.^ 

By HERBERT S. JENNINGS. 

AS pointed out in No. I. of these Studies,^ most of the reactions 
of Paramecium (as well as other Protozoa) are known only in 
their general features. The mechanism of the reactions, — that is, 
the motions of the cilia by which they are brought about, has been 
determined for Paramecium only in Ludloff' s study ^ of electrotaxis 
and my own of thigmotaxis. It is the purpose of the present paper 
to supply the lack thus indicated by giving a detailed account of the 
mechanism of the motor reactions of Paramecium. 

The far-reaching importance of an accurate knowledge of the exact 
mechanism of the reactions of Paramecium is apparent when we 
recall the sweeping conclusions that have been drawn from the results 
of studies on the reactions of this and other unicellular organisms. 
Theories of the mechanism of thermotaxis, geotaxis, and other reac- 
tions have been put forth, accompanied by deductions as to the 
remarkable sensitiveness of protoplasm to the various classes of re- 
agents, and these theories have borne an important part in forming 
various prevalent conceptions in general physiology and in compara- 

^ Scientific Results of a Biological Survey of the Great Lakes, 
directed by Jacob Reighard, under the auspices of the U. S. Fish Commission, 
No. I. (Published by permission of the Hon. George M. Bowers, Commissioner 
of Fisheries.) 

2 Jennings, H. S. : Journal of physiology, xxi, pp. 258-322. 

* Ludloff : Archiv f. d. ges. Physiol., 1895, lix, p. 525. 



312 //. S. Jennings. 

tive psychology. They depend for their validity on whether the 
mechanism assumed for the reactions is the correct one, and for this 
assumption a basis of observation has usually been lacking. As will 
appear, some conclusions that have been deduced with the utmost 
confidence lose their validity when the actual mechanism of the 
reactions becomes clear. 

It has become the fashion to refer many processes taking place in 
ontogeny to chemotaxis, or other reactions to stimuli, the matter 
apparently being considered as therewith definitely put at rest, as if 
such reference permitted no further analysis. It seems often to be 
forgotten that movements induced by chemotaxis must be accom- 
plished by some means, some mechanism ; and upon the character of 
this mechanism depends largely the interpretation to be given to the 
process. It may aid in recalling this neglected fact to set forth the 
roundabout method by which certain free cells succeed in gathering 
about a source of attractive stimulus. 

A third standpoint, from which a knowledge of the general mechan- 
ism of reactions to stimuH should be of interest, is that of compara- 
tive psychology. The stage of mental development represented by 
unicellular organisms has, since the work of Verworn, been studied 
comparatively little, at least in any thorough manner, and the dis- 
connected phenomena observed have lent themselves to interpretation 
by different authors in the most varied w^ays. Some hold that such 
organisms have a complex psychology containing nearly all the ele- 
ments of which the psychic life of higher animals is made up, while 
others maintain that the observed phenomena are explicable on the 
simplest grounds ; that such organisms are merely automata of the 
most limited capabilities, and that the activities which they show 
require little more than the property of irritability for their explana- 
tion. It may be hoped that an exact knowledge of the mechanism 
of the reactions of one of these organisms may tlirow further light on 
the question of the simplicity or complexity of the " psychic life of 
rpicro-organisms." 

With these problems in mind, an examination will be made of the 
motor reactions of Paramecium. The organism to be studied, Para- 
mecium caudatum,^ is a unicellular animal belonging to the group of 

1 In the first of these Studies (Joe. cit.) the organism used for experimenta- 
tion is called Paramecium aurelia. I adopted this name because the organism 
has been always so called in the Jena Physiological Institute, where the work was 
done, and because my attention had not been called to the possibility of a mistake 
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ciliate infusoria, and is well known in every biological laboratory, 
living by thousands in vegetable matter decaying in water. It is 
somewhat cigar-shaped in form, having a narrow but blunt anterior 
end and a broad, sharp posterior end. From 
the anterior end a broad depression known as 
the oral groove runs obliquely along one side 
(the oral side) to the mouth, in the middle of 
the body. Near the opposite side (the aboral 
side) are the two contractile vacuoles. The en- 
tire surface of the body is covered with cilia, by 
means of which the animal moves. The length 
of the animal is about 0.2 mm. 

During its progress through the water, Para- 
mecium comes in contact with sources of stimuli 
of various kinds; it strikes against mechanical 
obstructions, compelling it to turn aside, or it 
meets with various chemical substances in solu- 
tion which either attract or repel it : heat, elec- 
tricity, and other agents may likewise act as 
stimuli ; to all these the animal reacts in a char- 
acteristic manner. The problem for solution is, 
exactly how is such a reaction accomplished? 
How does the attractive chemical compound suc- 
ceed in affecting this locomotor organs of Para- 
mecium so that it turns toward the source of stimulus? How does 
the repellent compound succeed in turning the Paramecium away 
from the source of stimulus? 

In the first of these *' Studies on Reactions to Stimuli " details 
were given as to the general features of the phenomena shown in the 
reactions of Paramecium. It was there shown that Paramecia are 
positively chemotactic to weak solutions of substances having an 
acid reaction, negatively chemotactic to substances having an alkaline 
reaction, and to many neutral salts. I shall give here in brief only 
enough of the gross appearance of these reactions to make intelligible 
the account of the finer mechanism and the way in which this 
mechanism is demonstrated. 

in the name. But it appears that systematists make a distinction between Parame- 
cium aurelia, with two micro-nuclei, and caudatum, with but one. As the Para- 
mecia which I have been studying at Hanover, N. H., have but one micro-nucleus, 
I must call them P. caudatuni. I believe them to be identical with the organisms 
used at Jena, though I did not investigate the micro-nucleus there. 



Figure i. Parame- 
cium caudatum. a, 
anterior end ; /, pos- 
terior end; £? 3, aboral 
side ; <?, oral side ; 
niy mouth ; ^s^, oral 
groove ; c v, contrac- 
tile vacuoles. 
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Figure 2. Method of testing the reactions of Paramecium. 



The method by which the reactions of Paramecium toward most 
stimuli is demonstrated in practice is shown in Fig. 2. Paramecia 
are brought upon a glass slide and covered with a long cover-glass, 
supported near its two ends by bits of capillary glass tubing. The 

Paramecia swim at 
random throughout 
the preparation. 
Now a drop of any 
solution toward 
which the method 
of reaction is to be 
tested is introduced 
beneath the cover- 
glass by means of a 
capillary pipette, as 
shown in the figure. 
The Paramecia in 
their random swimming strike the edge of the drop, whereupon they 
react in a characteristic manner. If they are positively chemotactic 
to the substance in the drop — as they are if it is weakly acid in 
reaction — they soon gather in a dense swarm within the drop, as 
shown in Fig. 3. If, on the other hand, 
they are negatively chemotactic, the drop 
remains entirely empty, as shown in 
Fig. 4. This method is of course de- 
signed especially for the demonstration 
of chemotaxis. Thermotaxis, or the re- 
action toward heat or cold, may be de- 
monstrated in a similar manner, or better 
by warming or cooling one end of the 
slide ; still better by means of the ap- 
paratus devised by Mendelssohn.^ 

Now, how does the substance in the drop in Fig. 3 succeed in 
affecting the cilia in such a way as to make the Paramecia turn toward 
and enter the drop ? 

Observation of the method by which the Paramecia collect in the 
drop shows that the foregoing question involves an assumption which 
is untrue. The Paramecia in the neighborhood of the drop do not 
turn toward it. The animals collect in the drop in an entirely dif- 

^ Mendelssohn: Archiv f. d. ges. Physiol, 1895, Ix, p. i. 




Figure 3. Paramecia collected 
in a dense swarm in a drop of 
a solution to which they are 
positively chemotactic. 
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Figure 4. Negative chemotaxis 
toward a drop of sodic carbonate 
solution introduced 10 minutes 
before. 



ferent way. Suppose the drop to have been just introduced, as in 
Y\%. 2. A Paramecium in its random course strikes by chance against 
the margin. It does not react, but keeps on its way across the drop 
until it comes to the other side (Fig. 5). There it reacts negatively, 
and turns back, swimming across the 
drop in another direction, till it again 
comes to the margin of the drop. There 
it again reacts negatively, and swims in 
a new direction, till it is turned back 
by the margin as before. This con- 
tinues, so that the Paramecium is, as it 
were, imprisoned in the drop. Fig. 5 
shows the course of a single Parame- 
cium in such a drop. Other Paramecia 
enter the drop in the same way, purely 

by chance, and remain in the same manner, until the drop swarms 
with Paramecia. Owing to the restless hither and thither swimming 
of the animals on the slide, almost every one will in a short time 
have come by chance against the edge of the drop, will have entered 
and remained. Thus in a short time we get the appearance shown 
in Fig. 3 ; almost all the Paramecia in the preparation are collected 

in the drop. We say that the Paramecia 
are positively chemotactive to the sub- 
stance in the drop, but so far as any motor 
reaction is concerned, evidently a more 
accurate statement is that after entering 
the drop by chance they are negatively 
chemotactic to the surrounding fluid. 

The same thing may be shown to be 
true for thermotaxis or the reaction to- 
ward heat. In place of the chemical so- 
lution, we may introduce into a slide 
preparation of Paramecia in cold water a 
drop of water w^armed to the temperature toward which the Paramecia 
appear to be positively thermotactic. We shall find that the Para- 
mecia collect in the warm drop in exactly the same manner as in the 
case of the chemical compound just described : they enter by chance, 
then are negatively tactic to the surrounding cold water. 

An extended examination of the reactions of Paramecium shows 
that this is typical for all apparently positive reactions. /;/ a?/d of 




Figure 5. Course of a Parame- 
cium in a drop of attractive 
substance. 
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itself, considered as a motor reaction, there is no positive taxis in Para- 
ineciiim. The so-called positive taxis always acts indirectly through 
(apparent) negative taxis. The question of how Paramecium turns 
toward an attractive substance may be thrown out, with the simple 
statement that Paramecium does not so turn. 

There remains then only the mechanism of the negative reactions 
to be elucidated. \Vc may first proceed to an examination of the 
method by which Paramecium succeeds in keeping out of a drop of 
some chemical to which it is negatively chemotactic, as in Fig. 4. 
For this purpose a drop of \ per cent sodium chloride solution 
may be selected. To understand the negative reaction, it is neces- 
sary to recall the animal's normal method of progression through the 
water. The unstimulated Paramecium swims nearly straight forward, 
though in a slightly sinuous course, the narrower, blunter end directed 
forward. At the same time it revolves on its long axis. Usually, 
but not invariably, this revolution seems to be from left to right, but 
there is much variation in the direction. 

Now, when a Paramecium, swimming as above described, strikes 
the margin of the drop of sodium chloride solution, it reverses its 
course, darting straight backward, — the broad, pointed (^posterior) 
end now being in the lead. At the same time, the direction of rota- 
tion on the long axis is reversed, the Paramecium revolving (usually) 
from right to left. Next the animal swings on its short axis, so as to 
bring the longitudinal axis of the body out of the line of direction in 
which it was first swimming. Then the infusorian begins to swim 
forward again, — following a course which lies at an angle to the 
course it was taking when it struck the drop of sodium chloride 
solution. Briefly stated, the animal has adopted the very rational 
course of backing off, turning in a different direction, then proceed- 
ing on past the obstacle, — much as any higher animal would have 
done. 

We may here take up two questions, upon one of which we have 
already a certain amount of evidence, while the second is pressed upon 
us by the course of events in the reaction last described. The first is, 
— Do different kinds of stimuli have different methods of affecting the 
cilia? For example, does perhaps an acid cause the cilia to strike more 
strongly backward, driving the animal forward ; an alkali, on the 
contrary, cause the cilia to strike more strongly forward, driving the 
animal backward? In this way, at first thought, the positive chemo- 
taxis toward acids, the negative taxis toward alkalies might be ex- 
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plained. The results detailed thus far have shown, however, that such 
a view is not tenable for an explanation of positive chemotaxis, since 
the latter acts only indirectly through negative chemotaxis. Never- 
theless, the general question still remains, — applicable, if not to 
acids and alkalies, perhaps to other chemical or physical agents. To 
determine the question with certainty, it will be necessary to immerse 
the Paramecia directly into solutions of various sorts, and observe 
the activities of the animals under these circumstances. At the same 
time evidence may perhaps be obtained on the second question 
referred to above, which is as follows : What causes the turning away 
of the Paramecium in the reaction toward sodium chloride, above 
described, after the backward course ; and what determines the direc- 
tion in which it turns? An obvious answer of course suggests itself, 
—the Paramecium turns away because it wants to get around 
the obstacle, and the direction in which it turns is determined by 
the position in which the object lies; it turns so as best to avoid the 
obstacle. This anthropomorphic view may perhaps be tested, and 
some evidence on our general question gained, by trying the effect 
of unlocalized stimuli, — stimuli that act upon the entire surface of 
the animal at once. This may of course be done by the method 
above mentioned, — complete immersion of the Paramecia in solu- 
tions of different kinds. There will then be no " obstacle " to get by, 
and, from the anthropomorphic standpoint, no excuse for turning in 
one direction or another. 

With these considerations in mind. Paramecia are immersed directly 
in solutions of various sorts. This is done as follows : a solution is 
mixed in a watch-glass, then a quantity of water containing Paramecia 
is taken up with the pipette and injected energetically into the solu- 
tion. They are quickly mixed thoroughly by the use of the pipette, 
then examined with the low power of the microscope. 

The Paramecia may be first immersed in an alkaline solution, using 
for this purpose ^^ per cent sodium hydrate. Most of the Para- 
mecia will be seen to swim energetically backward. This may be 
continued a few seconds or more, then many of the animals will be 
seen to turn and swim forward in a new direction. If a single speci- 
men is watched, it may perhaps be seen to repeat the process of 
swimming backward, turning, and swimming forward several times; 
others may swim backward continuously. 

Thus it appears that an alkali causes a reversal of the motion, 
followed by turning and swimming forward. 
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Let the Paramecia now be immersed in -^ per cent acetic acid. 
As in the sodium hydrate, the Paramecia dart backward, only here 
the motion is more swift. The action of the acid seems much more 
energetic than that of the alkali ; the Paramecia dart furiously back- 
ward for an instant, then turn quickly and rush forward for a moment, 
then perhaps backward again, then turn and rush forward. In a short 
time the backward motion has ceased ; the Paramecia are all swim- 
ming forward at a furious rate, and soon they die. The difference in 
the action of the substances seems due to the fact that acids do not 
affect Paramecia at all, except when they are so strong as to be 
severely injurious ; hence the great energy of the reaction and the 
quick death of the animals. 

Thus acids also cause the infusoria to swim backward at first. The 
reaction is qualitatively the same for both acids and alkalies, only 
the intensity and duration of the different parts of the reaction 
varying. 

In the same way, Paramecia may be immersed successively in a 
solution of some neutral salt, as \ per cent sodium chloride ; in a solu- 
tion that is effective only through its strong osmotic power, as a lo 
per cent solution of cane sugar ; in a watch-glass of water heated to 
35° C; in a watch-glass of water at the freezing temperature. In 
every case the characteristic features of the reaction are the same. 
The Paramecia swim backward for a longer or shorter time, then turn 
more or less, then swim forward. This may be repeated many times. 
In the different solutions the different features of the reaction may- 
be more or less pronounced, in energy and duration, but the essential 
nature of the reaction is the same in all. 

This series of experiments gives a definite answer to the first of 
the two questions proposed. Evidently different stimuli do not have 
qualitatively different methods of affecting the cilia. In every case 
the essential features of the reaction are the same, whatever the agent 
causing the reaction ; only the intensity of the component activities 
varies. Every reagent causes at first a reversal of the motion of the 
animal, and therefore beyond doubt a reversal of the motion of the 
cilia. Since the same result is obtained with stimuli of so hetero- 
geneous and opposite a character, it follows that the determining 
feature in this method of reaction must be internal. The Paramecium 
is like a machine in which the wheels are set for a certain motion ; to 
every application of power from whatever source it responds by this 
motion. It is to be noted, moreover, that while in these experiments 
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the stimulus is continuous, the reaction is discontinuous, the motion 
being first backward, then sideways, then forward. The demonstra- 
tion that a single stimulus does not have a single characteristic effect 
is therefore complete, since each stimulus causes three different mo- 
tions of heterogeneous and even opposite character. 

On the second question, as to what causes the turning away, and 
what determines the direction of turning, these experiments shed a 
certain amount of light, though they do not give a determinate 
answer. Since all these entirely unlocalized stimuli cause the turn- 
ing away, it follows that the latter is not due to the localization of 
the stimulus : the Paramecia do not turn from nor toward the source 
of stimulus, — because they are completely surrounded by and im- 
mersed within it. Apparently the turning away is due, like the 
reversal, to an internal mechanism, not to any characteristic of the 
external stimulus. Neither can the direction in which they turn be 
determined by an external factor in these cases. It appears probable, 
therefore, that it is an internal factor that determines the direction of 
turning. 

The next step is to try whether anything can be discerned in the 
structure of the Paramecium that will give a clue to the factor deter- 
mining the direction of turning. The most obvious differentiations of 
the body of the animal are into anterior and posterior ends, and into 
oral and aboral sides, as shown in Fig. I. The differentiation of the 
ends comes into consideration, of course, only in forward or backward 
motion. Has the differentiation into oral and aboral sides any rela- 
tion to the turning movement? Owing to the continued rotation of 
the animal on its long axis, as it swims either backward or forward, 
it is impossible under ordinary conditions to observe whether there is 
any relation between this differentiation and the direction of turning. 
But a clue is given by the conduct of the animals when immersed in 
a solution of potassium iodide. This reagent has the property of 
almost indefinitely prolonging each of the component activities in the 
threefold reaction above described, and affords opportunity for a 
thorough analysis. When introduced directly into i per cent solu- 
tion of potassium iodide the Paramecia begin, as in other reagents, to 
swim backward. But in potassium iodide solution this is continued 
six to eight minutes without change. After this they begin to turn, 
and this portion of the reaction is continued like the first, so that they 
spin around on the short axis of the body, as on a pivot, for half an 
hour at a time. Thus after ten minutes all the Paramecia in the watch- 
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glass will be whirling like tops. It is easy thus to have hundreds of 
specimens in the field at once with a low power lens, and of these 
many individuals will be in such a position tliat it is easy to deter- 
mine the relation of the direction of turning to the two sides of 
the animal. It then appears that all are whirling toward the side that 
contains the contractile vacuoles, — that is, toward the aboral side. 
The direction of motion is indicated in Fig. 6. At first the Para- 
mecia whirl as if on a pivot through the middle of the animal. Later 
the centre of rotation comes to lie outside the body 
of the animals, so that they now swim in circles. 
In every case the centre of the circle lies on the 
aboral side of the Paramecium, so that the animal 
is still turning toward the aboral side, though not 
in such short turns as at first. 

Thus under the stimulus caused by potassium 
iodide, the direction of turning is determined by 
an internal factor, — the differentiation into oral 
and aboral sides being the deciding feature. Tak- 
ing this in connection with the fact that all unlo- 
calized stimuli cause turning, it is a natural inference 
that the localization of a stimulus has no effect on 
the direction of turning. As this seems paradoxi- 
cal and improbable on general principles, however, 
it must be tested by observation of the reactions of 
Paramecium toward stimuli that are localized. Is 
there a difference in the reactions of the animal ac- 
cording as the stimulus affects the anterior end, the oral side, the aboral 
side, or the posterior end? To determine the answer to this question, 
it is only necessary to introduce a drop of some chemical compound 
beneath the cover-glass of a slide preparation swarming with Parame- 
cia, as shown in Fig. 2, and then to watch the edge of the drop with the 
low power of the microscope. Among the multitudes of Paramecia 
that strike the margin, many come against it obliquely, or touch it only 
on one side of the body, and their conduct is then easily observed. 
The reaction is the same in character as when the animal is immersed 
in a solution that acts as a stimulus; the Paramecium swims back- 
ward a distance, turns, and swims forward. It becomes evident at 
once that it does not turn directly away from the source of stimulus ; 
the position of the drop seems to have little or no relation to the 
direction in which the Paramecium turns. Sometimes the animal 



Figure 6. Direction 
of motion of Para- 
mecia whirling in 
I per cent solu- 
tion of potassium 
iodide. 
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turns in such a way as to carry it away from the drop ; in other cases 
it does not. There is no constancy in the direction of turning, and it 
is impossible to predict which way a Paramecium meeting the drop at a 
given angle will turn. In many cases the animal which at first brushed 
only the edge of the drop is carried, after turning, squarely against 
it, as illustrated in Fig. 7, in 
which the numerals indicate suc- 
cessive positions of the animal, 
while the arrows show the direc- 
tion of motion. In such a case 
the whole operation is repeated ; 
the animal backs off, turns in a 
new direction, and tries again. 
If the obstruction is large, the 
Paramecium may be thus com- Figure 7. Paramecium striking a drop on one 
pelled to try a dozen times be- «^g^ <')• swimming backward (2); turn- 

r ^^- 1 .t i_ .L I ing (3) ; and swimming forward squarelv 

fore gettmg by the obstacle; againsVit (4). 

such cases are often observed. 

This description applies equally well to the case of a mechanical 
obstruction, and to the reactions toward a very hot or very cold 
solution. 

The inference previously made, that the localization of the stimulus 
has no relation to the direction in which the Paramecium turns, is 
therefore confirmed. It remains now to be decided whether the factor 
which determines the direction of turning when the stimulus is a solu- 
tion of potassium iodide is the factor in other cases also. Does Para- 
mecium always turn toward its aboral side, whatever be the nature 
and position of the stimulus? 

To answer this question, it is necessary to use the method of 
observation in gelatine, devised by Jensen. Three grams of gelatine 
are dissolved by heat in 100 c.c. of ordinary water, and the Para- 
mecia are observed in the thick solution. In this gelatine solution 
they are able to swim only very slowly, so that all the movements can 
be closely studied. Any chemical can be mixed with the gelatine 
solution, in order to observe the effects of unlocalized stimulation, or 
a drop of any solution can be introduced beneath the cover-glass 
with the capillary pipette, for observation of the effects of IcJcalized 
stimuli ; in fact, the Paramecia may be studied exactly as in water, 
the only essential difference being that they move more slowly. 

The Paramecia are therefore brought into such a gelatine solution, 
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and their conduct toward localized stimuli is observed. The unstim- 
ulated Paramecium swims straight forward, revolving slowly on the 
long axis. On coming in contact with a mechanical stimulus or a 
drop of some solution toward which it is negatively chemotactic, the 
animal swims backward very slowly, at the same time revolving 
slowly from right to left. Then it turns slowly, — always toward the 
aboral side. If the aboral side is above when the turning begins, the 
animal turns upward ; if the aboral side is below, it turns downward; 
if to the right the animal turns to the right. This is true for a simple 
mechanical stimulus, for a chemical stimulus of any sort, or for a 
thermal stimulus ; in fact, for any kind of a stimulus that can be 
tested in the gelatine. After some time in the gelatine solution the 
Paramecia are usually seen to be somewhat curved, and the curving 
^^,___^.^^^^ is always toward the aboral side, as in 
^r"\,^„^^^^x'^'''^ ^p^ Fig. 8. A similar curving may often 

\v y/^ be observed after a strong stimulus, 

^^^^^ >-^-^ ^ .^ when the Paramecia are mounted in 

water. The anterior end thus curved 
Figures. Paramecium curved to- c i.i-i^i. jj ru-. 

, ,v , , . , J ., of course acts like the rudder of a boat 
ward the aboral side, under the 

influence of a powerful stimulus, i^ turning the course of the Parame- 
cium toward the aboral side. Nev^er- 
theless, while it aids, it is evident that this is not the only factor in 
the turning, since Paramecia under other conditions are seen to turn 
sharply, or even to revolve almost as if on a pivot, when the body 
is not observably curved at all. 

The invariable turning toward the aboral side may, as I have since 
discovered, be demonstrated, without the use of gelatine, in the fol- 
lowing way: Paramecia intermingled with masses of bacterial zoo- 
gloea are mounted on a slide and covered vvith a cover-glass, which 
is closely pressed down, so as to leave only a narrow space between 
slide and cover. It will usually be found that many Paramecia are 
imprisoned in small crevices in the bacterial zoogloea, so that they 
can swim only from one end of the crevice to the other, and at each 
end they must turn. The cover-glass is so close to the slide that the 
animals can turn only in a horizontal plane. By watching the Para^ 
mecia as they turn at the end of the crevice, it will easily be seen that 
they invariably turn toward the aboral side. 

We find then that the question last proposed is to be answered affir- 
matively. Paramecium after reversing always turns toward the aboral 
side, whatever be the nature and position of the source of stimulus. 
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A certain feature in the normal straightforward swimming of the 
unstimulated Paramecium appears to be connected with this fact. 
As has been often noted, the course in which an individual swims is 
not perfectly straight, but, as seen from above, the animal seems to 
swerve from side to side. This swerving has been figured by Verworn ^ 
and others. The actual path is a narrow spiral, the animal, of course, 
swerving up and down as well as from side to side. Now, observa- 
tion of slowly moving individuals shows that at any point in this 
spiral course the aboral side is on the outside of the spiral. In other 
words, the Paramecium as it swims continually swerves toward the 
aboral side. As at the same time it rotates on its long axis, the 
position of the aboral side continually changes, so that the* resulting 
path is a spiral one, and the general result is the same as if the Para- 
mecium had pro- 
gressed in a j^^^^ 
straight line. These . ^"^O*--^ 

facts are indicated ^"^^ 

in the accompany- 
ing diagram of the figure 9. Path of a Paramecium. The aboral side is every- 
path of a Parame- where directed toward the outside of the spiral. 

cium (Fig. 9). Ap- 
parently the method of reacting to a stimulus by turning toward the 
aboral side is a mere accentuation of the ordinary swerving toward 
that side. 

It will here be necessary, in order to avoid misunderstanding, to 
give an account of an apparent exception to the rule that the Para- 
mecium after stimulation always turns toward the aboral side. In 
my previous paper on the reactions of Paramecium (Joe. cit?), I gave 
an account of the thigmotactic reaction of Paramecium; that is, the 
reaction due to continued contact with a solid body. I must here 
supplement the account by setting forth a little more fully certain 
features in that reaction. 

On page 303 of my previous paper is figured a Paramecium resting 
with its anterior end against a solid body, and exhibiting the currents 
caused by the cilia under these circumstances, — that is, the currents 
characteristic of the thigmotactic reaction. As described in detail in 
the paper cited, the cilia in the oral groove at such a time beat 
strongly backward, driving a swift current of water toward the rear 
and causing a vortex to form on the oral side of the anterior half of 

^ Verworn, M.: Psych ophysiologische Protisten-Studien, 1889, p. 116. 



324 /f.S. Jennings. 

the animal, as shown in Fig. 19 (Joe. «/.), while the cilia on the re- 
mainder of the body are quiet, or possibly have varying motions 
tending to counteract the motion of translation that might be in- 
duced by the cilia in the oral groove. Meanwhile, the body of the 
animal remains at rest. This type of activity of the cilia is especially 
characteristic for resting Paramecia. But sometimes the solid body 
which causes the thigmotactic reaction is very small and movable, 
and so does not restrain in any way such motions of the animal as 
might naturally result from the activity of the oral cilia. In this case 
the Paramecium moves through the water in a peculiar way, carrying 
with it the small particle that has induced the thigmotactic reaction. 

" The cilia beating strongly backward 
in the oral groove of course impel the 
animal forward. But as the active cilia 
are all on one side, there is also a ten- 
dency to move toward the opposite 
side. The resultant of these two mo- 
tions at right angles to each other is 
a motion in the circumference of a 
circle. In fact, the animal moves for- 

^ ,, . , « ward in exactly the lines indicated by 

Figure 10. Motion of Paramecium , . C— 1 #• 

in the thigmotactic reaction to a the arrows m Fig. 19, only, of course, 
movable particle. in the opposite direction from the water 

currents. The ciliary motion is thus 
the same whether the thigmotactic animal is at rest or in motion ; 
in the former case the water currents move obliquely backward ; 
in the latter case the animal moves on the same lines obliquely 
forward. The Paramecium is, as it were, whirled about in its own 
whirlpool" (Joe. eit. ; p. 305). An inspection of the Fig. 19 
referred to in this extract shows that when the animal moves in 
a circle as there described, the oral side of the Paramecium must 
look continually toward the centre of the circle. Fig. 10 shows the 
successive positions of a Paramecium exhibiting the thigmotactic 
reaction toward such a movable particle; the arrows indicate the 
direction of motion of the Paramecium, while the circle indicates the 
path traced by the anterior end of the animal. By reference to this 
figure it will be noticed that under these circumstances the body- 
moves forward tracing a curve, with the oral side always toward the 
inside of the curve; in other words, the animal continually turns 
toward the oral side. In connection with the other movements de- 
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scribed in these pages, it is important to recall the fact that Parame- 
cia will be sometimes seen thus turning toward the oral side ; this, 
however, is always in the thigmotactic reaction. It is especially fre- 
quent when Paramecia are observed undisturbed in water containing 
many bacteria; when the Paramecia are excited by some unusual 
condition this reaction is not seen. Now, it is chiefly the reaction 
under some exciting stimulus that forms the subject of this paper. 
The thigmotactic reaction is characteristic for resting individuals, and 
the locomotion in thigmotaxis under certain circumstances in the 
manner shown in Fig. 10 is an accidental matter, due to the mobility 
of the solid inducing the reaction. Hence, this is not properly to be 
accounted a motor reaction, and it is, therefore, with this brief descrip- 
tion, left out of consideration in my discussion. 

Returning, therefore, to the proper motor reactions, the final step 
must now be taken ; the mechanism of the reactions already de- 
scribed must be determined in terms of 
the movements of the cilia. All move- 
ments of the Paramecia result from mo- 
tions of the cilia, and the mechanism 
of the reactions cannot be considered 
as analyzed into its simplest compo- 
nents until we know what motions of figure u. Paramecium with cilia 
the cilia are at the basis of the general reversed. The large arrow in the 

body movements. For studying the body shows the direction of loc<v 

. 1, motion of the animal ; the other 

motions of the cilia two methods may ^^rows indicate the direction of 

be used. The first is the observation the currents of water, 

of the animals in the gelatine solution 

in the way already given. The thickness of the solution makes the 
motion of the cilia much less rapid, so that the way in which they 
^ovt can be determined more or less satisfactorily. The data gained 
\n this way may be supplemented and controlled by the second 
method of study. This consists in observing the Paramecia in fluid 
containing powdered carmine. The movements of the particles of 
carmine in the neighborhood of the animals show the currents caused 
by the cilia, and from the direction of these currents the direction of 
stroke of the cilia causing them may be inferred. 

In the unstimulated Paramecium swimming forward the effective 
stroke of all the cilia is backward, urging the animal forward; the 
cilia as seen in gelatine give the optical effect of being directed back- 
ward, as shown in Fig. i. On coming in contact with an effective 
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source of stimulus, the cilia are reversed in position, now striking 
more strongly forward, and presenting the appearance of being 
directed toward the anterior end, as in Fig. ii. As a result the 
animal is, of course, impelled backward, or toward the broad, pointed 
end. It is worthy of especial notice that the cilia in the oral groove 
are, like all the others, now striking forward, so that a current of 
water passes swiftly /r^w the mouth toward the anterior end, — con- 
trary to the usual direction. 

Next, after the backward swimming caused by the reversal of the 
ciliary motion has ceased, the animal begins to turn. At this stage 
the cilia are found to have the following motions. 
The reversal of the cilia in the oral groove has 
ceased, and they are striking backward again, — thus 
tending to drive the animal forward. The remainder 
V^£3\ ^ of the cilia on the anterior half of the animal strike 
transversely toward the oral side. This is shown in 
Fig. 12. This reaction was first seen clearly in Para- 
mecia that were immersed in a f per cent solution 
of chrome alum ; it was then confirmed for other 
substances and for stimuli other than chemical, by 
the use of the gelatine solution and by observation 
of the currents about Paramecia in water containing 
powdered carmine. The arrows in Fig. 12 indicate 
the direction of the water currents produced by the 
cilia at this stage of the reaction. In the oral groove 
there is a strong current backward, while on the an- 
terior half of the aboral side there is a transverse 
current from the aboral to the oral side. This mo- 
tion of the cilia of course causes the Paramecium to 
turn toward the aboral side (opposite the arrows in Fig. 12), and 
with this observation we have determined the real mechanism of the 
turning. 

The next step in the reaction is the cessation of the transverse 
stroke of the aboral cilia, so that they strike backward, as before the 
stimulation, driving the animal straight forward as at first. 

Thus the reaction of Paramecium to any ordinary stimulus is as 
follows: (i) The cilia over the entire surface of the body are re- 
versed, striking forward, thus driving the animal backward. At the 
same time its direction of revolution on the long axis is reversed. 
(2) The reversal of the cilia ceases; those in the oral groove strike 




Figure 12. Posi- 
tion of the cilia as 
the Paramecium 
turns. The ar- 
rows indicate the 
direction of the 
water currents. 
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backward as at first, while those on the remainder of the anterior 
half of the body strike transversely, toward the oral side. This re- 
sults in turning the anterior end toward the aboral side. (3) The 
cilia all strike backward as at first; the animal, therefore, swims 
straight forward again. Coincidently with (i) and (2) the body of 
the animal may be bent toward the aboral side, still further aiding in 
turning in that direction. At the end of the entire manoeuvre the 
Paramecium is swimming forward along a course which lies at an 
angle to the course in which it was first swimming. The complete 
reaction of Paramecium to an ordinary stimulus is represented in 




Figure 13. Complete reaction of a Paramecium. ^^ is a source of 
stimulus. The numerals give the successive positions of the animal, 
while the arrows show the direction of motion. 

Fig. 13. The rotation on the long axis could not be represented in 
this diagram, but all the other essential features of the reaction arc 
shown. 

This reaction is not characteristic for any particular class of stimuli, 
but it occurs in a more or less marked manner whenever any stimulus 
acts upon the animal with sufficient power to cause a motor reaction. 
Toward acids and alkalies, toward neutral salts and toward fluids 
that are active only through their high osmotic pressure; toward 
heat and cold and mechanical shock, the same reaction is given. 
Apparently a strong electric current has a related effect, since Ver- 
worn has observed that when a very strong electric current is passed 
through water containing Paramecia, they all swim backward, and 
thus collect at the anode instead of at the cathode, as is usual with a 
weaker current. A re-examination of the phenomena of electrotaxis 
in the light of the general reaction-plan described in this paper 
appears desirable to determine the relation of the two. Geotaxis, or 
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the reaction of Paramecium relative to the direction of the pull of 
gravity, in virtue of which they usually rise to the top of a vessel of 
water containing them, seems more difficult to bring into relation 
with the general reaction above described. In view of the divergent 
theories of Jensen,^ Davenport,^ and others, the cause of gcotaxis 
cannot be considered certainly known ; a reinvestigation of the phe- 
nomenon in Paramecium is needed, in the light of the general method 
of reaction described in this paper, as well as in view of the previously- 
unsuspected positive chemotaxis toward carbon dioxide (as described 
in No. I of these Studies) — a substance the distribution of which in 
the water profoundly influences the movements of the Paramecia. 
Like Miss Platt,^ I find that the Paramecia of this region do not show 
clear geotaxis. 

Almost the only variation in this entire reaction is in the intensity 
of its several component activities. To a very weak stimulus, such 
as a mechanical obstruction in front, the Paramecium responds 
merely by a reversal of the cilia lasting but an instant and carrying 
the Paramecium backward but a fraction of its own length. The 
accompanying reversal of the direction of rotation on the long axis 
may suffice to turn the aboral side but a few degrees from its original 
position. The reversal is followed by a momentary transverse stroke 
of the aboral cilia, turning the Paramecium through but a small angle 
toward the aboral side. It then swims forward as before. The whole 
operation has caused a hardly perceptible stoppage in the course of 
the Paramecium. On the other hand, coming in contact with some 
strong chemical, such as a drop of ■^\^ per cent sulphuric acid, induces 
an intense and long sustained reaction. The Paramecium darts 
swiftly backward many times its own length, revolving rapidly on its 
long axis from right to left. Finally, the transverse stroke of the 
aboral cilia intervenes, in an equally powerful manner, and the animal 
turns sharply. It may thus turn completely around; or in some 
cases it may whirl more than 180°, so that the immediately following 
forward course takes it back again into the drop of acid. Certain 
chemicals exaggerate all the activities composing the reaction to a 
remarkable degree. Thus in | per cent potassium iodide, as already 
described, the reversal of the cilia lasts six to eight minutes, the Para- 
mecia all this time swimming swiftly backward ; then the transverse 

1 Jensen, P. : Archiv f. d. ges. Physiol., 1893, liii, p. 428. 

* Davenport, C. B. : Experimental morphology, Part i . 

• Platt, Julia B. : American naturalist, 1899, xxxiii, p. 31. 
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stroke of the aboral cilia lasts perhaps half an hour, the animal all 
this time whirling toward the aboral side. In such cases the reaction 
loses all semblance of an attempt to escape or pass by an obstruc- 
tion. In other chemicals each component part of the reaction is little 
exaggerated, but the entire operation is repeated many times, alter- 
nations of swimming backward, turning, and swimming forward again 
continuing for fifteen minutes or more. Different chemicals have a 
most varied effect on the reaction as a whole, though in every case 
the effect may be expressed as a modification of the intensity or 
duration of one or more of the component activities. 

The absolute direction in which the Paramecium turns after its 
backward course is evidently determined by the position of the aboral 
side when the cilia on that side begin to strike transversely. The 
position of the aboral side at that time is a matter of chance ; the 
animal revolves continually on its long axis, so that the position of 
the aboral side is continually changing, and the actual direction in 
which the Paramecium turns depends upon where the aboral side 
happens to lie when the reaction reaches the stage in which the 
aboral cilia begin to strike transversely. Of course this may carry 
the animal directly into the source of stimulus again ; such cases are 
often observed, as has already been described and illustrated in 
Fig. 7. In many cases the Paramecium repeats the reaction several 
or many times before it succeeds in getting by the obstacle. The 
whole proceeding is an apotheosis of chance. If the source of stimu- 
lus is small, the process of drawing back and turning in any chance 
direction is likely to avoid it. Or, if it is not avoided the first time, 
the continual revolution on the long axis is likely to bring the aboral 
side into a new position next time, so that the Paramecium turns in 
a new direction. If this is continued long enough, a small obstruc- 
tion is certain, by the laws of chance, to' be evaded and passed after 
a sufficient number of trials. If, on the other hand, the source of 
stimulus is large ; if, for example, the space containing the Parame- 
cium is bounded along one whole side by a solution toward which 
the Paramecium is negatively chemotactic, then the reaction is re- 
peated until by the laws of chance the course of the Paramecium is 
so directed as to lie in that part of the space which does not contain 
the repellent solution. In the case of a solution toward which the 
Paramecium is strongly negatively chemotactic, chance may be aided 
by the fact that the intensity of the stimulus usually causes an 
intense reaction, so that the Paramecia swim a considerable distance 
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backward (which in itself, of course, increases the chance of avoiding 
an obstacle after turning), and also turn strongly, — perhaps nearly 
1 80°, so that the remainder of the path lies in quite a new direction. 
It seems probable that for most circumstances in the normal daily 
life of a Paramecium, this rough hit-or-miss method of reaction is 
quite sufficient to keep the animal out of danger and to enable it to 
avoid obstacles. But the utility of the reaction is left to chance, and 
so circumstances may arise in which the chances are against the 
Paramecium. Thus in the presence of a drop of some strong chem- 
ical, such as yiiT per cent sulphuric acid or cupric chloride, it will 
readily be seen that the chances of escape are limited. The animal 
responds to the first stimulus by a violent reversal of the cilia, carry- 
ing it some distance backward. If now the direction in which the 
transverse stroke of the aboral cilia carries it after this backward 
course is by chance such as to take the animal away from the drop, 
well and good ; if, on the other hand, the Paramecium is carried a 
second time against the drop, it is likely to succumb at once to its 
poisonous effects. Observation shows that when a drop of such a 
substance is introduced into a preparation of Paramecia on the slide, 
it soon becomes surrounded by a zone of the dead infusoria. The 
same is true of a drop of a dense solution of cane sugar, which is 
injurious from its osmotic pressure. The Paramecia react when they 
enter such a dense solution, but the reaction is not precise enough to 
take them out of the destructive area before they are killed.^ 

The uselessness of the reaction seems especially striking when the 
Paramecia are completely immersed in a solution that acts as a stim- 
ulus. Under these circumstances, when there is no obstacle to be 
avoided and the stimulus is not localized at all, the Paramecia respond 
with exactly the same reaction. Paramecia do not modify their con- 
duct to suit the needs of the case, but give the same reaction under 
all circumstances. The reaction is exactly such a one as might be 
maintained by natural selection, acting under an environment that 
makes no severe demands. Since the Paramecium usually swims 
forward, a majority of the stimuli that affect it at all will affect the 
anterior end. The whole reaction to any stimulus is, therefore, based 
upon this position of the source of stimulus, without regard to 
the conditions in a given particular case. For stimuli acting upon the 
side of the body, the reaction is, therefore, a very imperfect one, the 

^ There is great variation in the repellent power of different chemical com- 
pounds. This subject will be treated by the author in a separate paper. 
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comparative rarity of such stimuli having led to no development of a 
special mechanism to suit that case. A reaction such as would per- 
mit a direct turning away from a stimulus acting upon any side of 
the animal would evidently involve a much more complicated mech- 
anism, and imply a higher condition psychologically than this simple 
one-reaction plan. But even this serves, if repeated a sufficient 
number of times, for avoiding sources of stimuli acting upon the sides 
of the animal, and under some conditions the result is produced in 
a fairly direct manner. In certain cases, when the stimulus causing 
the reaction is very weak, and the Paramecium comes against the 
source of stimulus very obliquely, so as to touch it only on one side, 
there appears to be an almost direct turning away, toward the side 
opposite the stimulus. This is to be observed particularly in the 
collections of Paramecia in a region con- 
taining carbon dioxide excreted by them- 
selves. A long narrow area may thus 
be formed beneath the cover-glass (as 
shown in Fig. 14), in which the Parame- 
cia swim back and forth; to the water 
outside this area they are weakly nega- 
tively chemotactic, so that when they Figurk 14. Group of Paramecia 
. ■'ma region containing carbon 

swim aganist the boundaries of the area, dioxide excreted by them- 
the above-described reaction takes place, selves, 
in a not very pronounced manner. A 

single Paramecium swimming lengthwise of this area may strike 
against its lateral boundaries with one side or the other, w^hen it 
will frequently (not always) be seen to apparently sheer directly 
off, away from the boundary, and keep on its course undisturbed. 
Careful observation shows that such cases are to be placed in 
two categories. (i) When the Paramecium comes against the 
boundary, the aboral side by chance already lies toward the inte- 
rior of the area, so that all that is necessary is for the Parame- 
cium to react in the usual manner, in order to leave the boundary. 
(2) The more interesting case is where the Paramecium comes against 
the boundary with the aboral side not toward the interior of the area. 
In this case it will be seen to hesitate an appreciable interval before 
turning away from the boundary. During this moment of hesitation 
it starts to turn toward the aboral side, which is thereby pushed fur- 
ther into the outer fluid, toward which the animal is negative. This 
induces a faint reversal of the cilia (in agreement with the general 
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plan of reaction above described), so that the animal does not pro- 
gress further in that direction, and may be seen to move backward a 
barely perceptible distance. It then tries the turning again. On 
account of the continual rotation on the long axis, the aboral side 
will now be in a new position ; the animal will, therefore, turn in a 
new direction, and may swim victoriously into the area; if not, a new 
trial is made during another instant of seeming hesitation. The 
delay cannot be longer than it requires for the Paramecium to rotate 
half a turn on its long axis. The animal makes the appearance of 
feeling about with its anterior end, to discover the proper course to 
pursue ; it is really trying all the time to turn toward the aboral side, 
but cannot go forward until this carries it into a medium that does 
not cause a reversal of the cilia. The direction in which the animal 
shall go is not selected by the Paramecium itself, but is automatically 
selected through the fact that this direction does not cause a reversal 
of the cilia. 

This more direct method is, however, only possible in cases where 
the negative stimulus is very weak, so as to cause only a very faint 
reversal of the cilia. With a stronger stimulus the animal shoots 
back as much as half its length, or more, so that it is now separated 
from the source of stimulus by a perceptible interval (as in Fig. 13) ; 
it is, therefore, free to turn in any direction. Hence, it as frequently 
turns at first toward the source of stimulus as in any other direction. 
Moreover, even with the weakest stimulus, not all individuals turn in 
the more direct way just described ; many individuals in such an area 
as shown in Fig. 14 react essentially as shown in Fig. 13. The 
latter figure shows the typical reaction, of which the method just 
described is a less usual special case. 

For the case of complete immersion in a solution that acts as a 
stimulus, the reaction seems under experimental conditions to be 
ludicrously imperfect and useless. Under the normal conditions, 
however, it perhaps serves the Paramecium very well even for this 
case. Suppose that the Paramecium in its headlong course finds that 
it has entered completely a circumscribed region of solution having 
injurious properties. Evidently, to immediately reverse the cilia and 
swim a long distance straight backward is as likely to rescue the 
Paramecium from its perilous position as anything it could do, and 
if this straight course backward does not bring it at once out of the 
injurious solution, it is perhaps likewise sound practice to change the 
direction of motion. As under other circumstances, the reaction 
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depends upon chance for success, but the chances are fairly favor- 
able. It is interesting to see how so simple and invariable a method 
of reacting can meet so well the demands made upon it. 

Finally, for the very rare case of stimuli acting upon the posterior 
end, no provision whatever seems made. It is only when swimming 
backward in response to a stimulus from in front that a stimulus is 
likely to act upon the posterior end, — and this is apparently so rare 
that it can safely be neglected. In cases where animals swimming 
backward come in contact with something that would act as a stimu- 
lus if it affected another part of the body, the cilia continue to strike 
forward. The normal reaction would be of course to reverse the 
stroke of the cilia, making them strike forward ; as, however, they are 
already striking forward, there is now no change. Thus Paramecia 
swimming backward may often be seen to press the posterior end 
against a mechanical obstruction met in the backward course, and 
remain there, the forward stroke of the cilia driving them continually 
against it. Or in the case of chemical stimuli, Paramecia swimming 
backward often cross the boundary between two substances, when 
this boundary seems an insuperable obstruction to individuals swim- 
ming forward. This is particularly striking when a drop of weak acid 
is introduced into a slide of Paramecia. As detailed in my previous 
paper {loc. cit p. 269, Figs. 7 and 8), the Paramecia gather in a 
ring about such a drop, and are then negatively chemotactic to the 
inner, more strongly acid part of the drop, and also to the outer 
fluid. Therefore, they swim about in a ring of some width, surround- 
ing the drop of acid ; if they strike against either the inner or the 
outer boundary of this ring, the cilia are reversed, so that the animals 
return into the ring. But if a Paramecium on striking the drop of 
acid at the inner boundary of the ring reverses its cilia strongly and 
swims backward, it may, if it reaches the outer boundary while swim- 
ming backward, cross this boundary without the slightest hesitation, 
and swim away into the surrounding water, though if it had come 
against the outer boundary while swimming forward, it would have 
been at once forced back into the ring by the reversal of its cilia. 
In cases, however, where a Paramecium swimming backward comes 
in contact with a source of very strong stimulus, the next step in the 
reaction is induced, — the Paramecium begins whirling on its short 
axis, — a proceeding which serves a purpose as little as would the 
continued swimming backward. 

The collection of Paramecia in the region of a given attractive 
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Stimulus, as in positive chemotaxis or positive thermotaxis, evidently 
depends equally upon chance. Nothing acts as a direct attraction to 
Paramecia. Their habit of swimming continually through the water 
is what must be relied upon to bring them into the sphere of activity 
of any agency. In this seemingly random swimming they are fre- 
quently met by influences which cause in a slight degree the reaction 
I have described, as is shown by the frequent slight jerks backward, 
followed by a slight turn in a new direction. In this way the Para- 
mecium follows the line of least resistance, as it were, and finally may 
come into the region of a chemical toward which it is positively 
chemotactic, or into a region of optimum temperature. If now it 
proceeds on its course across the optimum territory, on coming to 
the farther boundary it passes into a region of such a nature as 

induces the nega- 
tive reaction; the 
animal turns away 
and after some 
repetitions is di- 
rected back into 
the optimum re- 
gion. The actual 
process by which 
this takes place in 
the case of ther- 
motaxis may be detailed, since my account differs so completely in 
principle from that of Mendelssohn,^ who first gave a careful de- 
scription of thermotaxis, — and since this process affords a very 
striking example of what might be called the automatic selection of 
movements. 

Four strips of capillary glass tubing, enclosing a rectangular space, 
are fixed on a slide by means of Canada balsam (Fig. 15); the 
enclosure is then filled with water containing Paramecia, and covered 
with a long cover-glass. The Paramecia are scattered uniformly 
throughout the enclosure, swimming in all directions (the two ends 
being at first not empty, as they appear in the figure). Now one end 
of the slide for about a fourth of its length (from a to c) is allowed to 
rest on a water bath heated to about 40° C, while the other end, 
from /to d, rests on a piece of ice. Soon it will be noticed that the 
Paramecia at the heated end, between b and r, are in violent mo- 
* Mendelssohn, M.: Archiv f. d. ges. Physiol, 1895, Ix, p. i. 



Figure 15. Thermotaxis of Paramecium. The right end from 
ato c rests upon a water bath heated to 40° C. ; the opposite 
end, from/ to </, rests upon ice. 
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tion. They swim rapidly, some forward, some backward, now and 
again turning quickly and shooting in a new direction. No particular 
direction is preferred ; the animals simply swim swiftly in any chance 
direction. Now those which by chance cross the line at c — ^, coming 
into a region of low temperature to the left of c, cease their violent 
movements, while those which have started in a different direction 
keep up their headlong course until they also cross the line c — Cy 
which they must inevitably do, purely by the laws of chance, if they 
continue to be active. Thus in time all the Paramecia which were 
in the heated region at the right of c will have crossed the line c — c, 
leaving the heated space empty. Meanwhile, it is not filled again, 
because any Paramecia to the left of c that may swim toward the 
heated end, react by reversal of the cilia and turning, when they come 
to the line c — c separating the hot from the cooler region. Thus the 
Paramecia have entirely vacated the region to the right of c, simply 
by keeping up their undirected movements, until by chance a practi- 
cable one carries them across the line. At a certain time after the 
beginning of the reaction a stream of Paramecia will be seen crossing 
the line c — c from right to left, since any other movement in this 
region causes a reversal of the cilia and turning. 

At the other end, in the region resting on the ice, the cold does 
not act like the heat in greatly heightening the activities of the ani- 
mals ; it does, however, stop the thigmotactic reaction, so that all the 
Paramecia are set in motion, though perhaps very slowly. (If the 
cold is allowed to act suddenly and strongly, the Paramecia are 
simply benumbed, and remain where they are.) Some of the Para- 
mecia thus swim by chance across the line d — d ; the reaction is not, 
however, so quick and sharp as in the case of too high a temperature, 
and a number of stragglers will remain benumbed in the cold region. 
But those which are to the right of d, whether originally so, or after 
having crossed the line d — d from the cold region, do not cross this 
line again, since when they come to the line the cold causes a reversal 
of the cilia and a turning away. The cold region, therefore, gradu- 
ally becomes emptied of Paramecia, like the hot space at the oppo- 
site end of the slide. The Paramecia in the middle region of the 
slide may now swim undisturbed anywhere between c and d, but as 
soon as they attempt to swim across the line c — c or d — dy the reac- 
tion sets in, and they are turned back. After a time, therefore, 
practically all the Paramecia are gathered in the optimum region 
between d and c, while the ends of the enclosure are empty. The 
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result is not due to direct swimming toward the optimum tempera- 
ture, nor a direct swimming away from the hot or cold region, but 
by a sort of " automatic selection " of movements. The Paramecia in 
the two ends keep swimming hither and thither, until a chance move- 
ment in the right direction carries them into the optimum zone. 
Motion takes place in any direction till one is automatically selected 
by the fact that it brings the Paramecium into new conditions. The 
analogy of this to the natural selection of structures is obvious. 

Mendelssohn, who described the phenomena of thermotaxis in 
Paramecium without a knowledge of the finer mechanism of the reac- 
tion, assumed that the Paramecia turned and swam directly toward 
the optimum region from either end. In a Paramecium approaching 
a source of heat, the anterior end would thus be slightly warmer than 
the posterior end. Mendelssohn assumed that the directive control 
exercised by temperature must be due to this slight difference in 
temperature between the anterior and posterior ends of the same 
animal. He found that in a trough 10 cm. long, a difference of 
three degrees Celsius between the two ends of the trough was suffi- 
cient to cause the Paramecia to collect in the warmer end. The 
average length of a Paramecium being about 0.2 to 0.25 mm., it was 
easy to calculate that there was a difference in temperature of about 
0.01° C. between the two ends of a Paramecium swimming length- 
wise in the trough. It was, therefore, concluded that the Paramecia 
were sensitive to a difference in temperature of 0.01° C. But, as 
shown above, the method of reaction is much coarser than that as- 
sumed by Mendelssohn; the animal swims from one side of the opti- 
mum region to the other, not reacting at all until it comes to a region 
decidedly hotter or colder. The sensitiveness to temperature differ- 
ences may, therefore, be much less than that given by Mendelssohn. 
In a trough with the optimum temperature at one end and changing 
gradually to the other, the only difference that one can be certain of 
their appreciating is that between the positive and negative limits of 
their excursions. If a single Paramecium swims back and forth over 
a stretch of 5 mm. lying between the cooler and warmer regions of 
the trough, then it must be concluded that it is sensitive to the differ- 
ence in temperature between points 5 mm. apart; sensitiveness to 
any less difference is not proved. Similar considerations apply to 
other sources of stimuli, since the mechanism of reaction is the same 
for all classes of stimuli. It is evident that the sensitiveness of Para- 
mecium to different agents may have been greatly overestimated. 
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Moreover, similar deductions as to the sensitiveness of other organ- 
isms must be considered insecure until the exact mechanism of their 
reactions has been determined. 

While the general reaction I have described is evidently from cer- 
tain standpoints an extremely simple one, yet it bears strongly 
marked the distinctive features of reactions to stimuli as we know 
them in the higher organisms, — namely, the lack of any direct and 
apparent relation between the effect and the cause. In studying the 
activities of inorganic matter, it is possible to establish relationships 
of cause and effect — often through a somewhat extended chain from 
the first cause to the final effect — that may be clearly perceived as 
causal relations, — so that the effect could be predicted from a 
knowledge of the first cause and the attendant conditions. On the 
other hand, in dealing with the activities of living bodies, we are 
confronted with phenomena in which the steps connecting cause and 
effect cannot be traced ; such phenomena are called reactions to 
stimuli. Evidently, one of the chief objects in the investigation of 
the activities of living bodies must be the attempt to resolve reactions 
to stimuli into the chain of causes of which we must believe them to 
be composed, so that a series of steps can be traced, each satisfactory 
from a causal standpoint, from the original cause to the final effect. 
Can we hope by a study of the simplest unicellular organisms to 
approach such a resolution of life activities into connected chains of 
cause and effect? As a hypothetical example of such a resolution 
may be cited Verworn's theory of the chemotactic movements of 
Amoeba toward oxygen ; if this theory is true, the relations of cause 
and effect are clearly traced from the original cause to the final 
effect In the case of the comparatively complicated organism Para- 
inecium, it was perhaps scarcely to be expected that any clear evi- 
dence of the actual causal relation between stimulus and reaction 
should be made apparent, and as a matter of fact, we find, from a 
causal standpoint, an absolute gulf between them. It is not even 
possible to trace such general relations between the contractility of 
the cilia and the nature and position of the sources of stimuli as have 
been assumed by various authors; Jensen,^ for example, assumes 
that a stimulus acting upon one side of the Paramecium causes the 
cilia of that side to beat more strongly, thus turning the animal away 
from the source of stimulus; some such relation might perhaps have 
been reasonably anticipated. But we find that the most varied and 
1 Jensen, P.: Archiv f. d. ges. Physiol., 1893, liii, p. 471. 
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even opposite stimuli produce the same reaction, and that stimuli at 
one end, at the side, or acting over the entire surface of the animal 
at once, produce the same result The reaction appears to be purely- 
arbitrary, without any relation to the nature of the cause. It evi- 
dently depends upon the internal mechanism of the body of Parame- 
cium, and this mechanism is so complicated that we are quite unable 
to trace the steps which lead from cause to effect. 

For all practical purposes, therefore, the reactions of Paramecia 
present phenomena not a whit simpler for a causal understanding 
than the activities of a highly developed Metazoan. The mechanism 
of the unicellular organism, lacking as it does a complex nervous 
system, may, as a matter of fact, be simpler than that of a Metazoan, 
but in both cases the mechanism is of sufficient complication to in- 
terpose for our understanding an absolute break between stimulus 
and reaction; hence the study of the Protozoan gives no deeper 
insight into the essential nature of such reactions than does the study 
of a Metazoan. Whether the reactions of such a comparatively 
undifferentiated lump of protoplasm as Amoeba will really prove of 
any more value for such an insight remains to be seen ; certainly 
Amoeba is deserving of a thorough experimental study from this 
standpoint. 

Thus the principal intrinsic interest of this investigation lies not so 
much in the fact that the organism studied is a mass of protoplasm 
constituting but a single cell, as in the fact that it represents a very 
low place in the psychological scale. From the psychological stand- 
point, the reactions of Paramecium are extraordinarily simple. VVe 
have in this animal perhaps as near an approach to the theoretical 
reaction postulated by Spencer and Bain for a primitive organism, — 
namely, random movements in response to any stimulus, — as is 
likely to be found in any living organism. The motions are strictly 
random, so far as the position of the source of stimulus is concerned ; 
the animal always swimming, after stimulation, in the direction of one 
of its own ends (the posterior), and turning toward one of its own 
sides (the aboral), without regard to the relation of these directions 
to the source of stimulus. And by the repetition of the reaction the 
direction of movement is frequently changed, — always without rela- 
tion to the localization of the stimulus. It appears not to have been 
foreseen, theoretically, that such random movements would of them- 
selves if continued carry the animal out of the sphere of influence 
of the agent causing them and keep it from re-entering. To accom- 
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plish this result, it is only necessary that the direction of motion 
should be changed at the moment when the stimulus begins to act, 
and at intervals so long as its action continues. 

It is evident from this method of reaction that Paramecia are 
neither directly attracted nor directly repelled by any agencies. It 
is often assumed that it is a universal property of living organisms to 
react in two opposite ways toward stimulations, — to be attracted by 
some and repelled by others. In view of the reactions of Paramecium 
this assumption must fall to the ground, as certainly not universal, 
and possibly not nearly so general as has been supposed. The 
mechanism of the reactions of most simple organisms remains yet to 
be ascertained. 

In regard to the position in the psychological scale to be assigned 
to Paramecium, the following may be said. The organism responds 
to any stimulus by a definite, well-characterized reaction. The same 
may be said of the isolated muscle of a frog. The intensity of the 
reaction varies with the nature and intensity of the stimulus ; this 
also is true for the muscle. Under certain influences the Paramecium 
remains quiet; likewise the muscle. The directive relations of the 
motions performed are determined both in the Paramecium and in 
the muscle by the structure of the organism, not by the localization 
of the stimulus. There seems, then, no necessity for assuming any- 
thing more in order to explain the reactions of Paramecium than to 
explain the reactions of the muscle. We require, therefore, little or 
nothing more than irritability, or the power of responding to a stim- 
ulus by a definite movement, to account for the activities of Parame- 
cium. Since the direction of motion of the Paramecium has no 
relation to the position of the source of stimulus, there is no need to 
suppose that the animal has anything related to a knowledge of this 
position. Moreover, it exercises no choice, — the direction of motion 
being always the same with reference to the parts of the animal. I 
do not see that we are compelled to assume consciousness or intelli- 
gence in any form to explain the movements of this creature. 

Summary. 

I. Paramecium has a single motor reaction, by which it responds 
to all classes of stimuli. This reaction consists of the following activ- 
ities, (i) The direction of the stroke of the cilia is reversed, over 
the entire surface of the animal, so that they strike forward, driving 
the animal backward. (2) The reversal ceases; the cilia in the oral 
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groove strike backward, as at first, while the aboral cilia of the ante- 
rior half of the body strike transversely toward the oral side. This 
results in turning the animal toward the aboral side. The anterior 
end may, if the stimulus is strong, be curved toward the aboral side, 
thus aiding in turning toward that side. (3) The cilia all strike 
backward as at first, driving the animal forward again. At the end 
of the reaction the Paramecium is swimming forward on a path 
which lies at an angle to the path on which it was moving at 
first. 

2. The intensity and duration of the different parts of this reaction 
vary with the nature and intensity of the stimulus. 

3. Paramecia do not turn directly toward a beneficial source of 
stimulus, nor directly away from an injurious source of stimulus, but 
the reaction is always as stated under I. That is, localized stimuli, 
acting on one side or one end of the animal, have the same effect as 
stimuli acting upon the entire surface of the body at once. The di- 
rection in which the Paramecium turns after a stimulus is determined 
by internal factors, and is expressible in terms of the animal's struc- 
ture; it has no relation to the position of the source of stimulus. 
The absolute Axrcctxoti in which the animal turns is a matter of chance ; 
if it does not carry the animal away from the obstruction the first 
time, the entire reaction is repeated till it does. 

4. Positive and negative taxisy as applied to Paramecia, are merely 
convenient terms for expressing the fact that the animals form collec- 
tions in the regions of certain influences and do not form such 
collections in others; the terms do not express motor reactions. 
Paramecia are not directly attracted or repelled by any agencies or 
conditions. The collections formed in the regions of certain agencies 
are due to the fact that these agencies cause no motor reaction. 

5. Different classes of chemical or physical stimuli do not have 
qualitatively different methods of affecting the stroke of the cilia. 

6. In view of the mechanism of the reactions, the sensibility of 
Paramecium to different agents has probably been much overesti- 
mated, since it is not the differential effect on the anterior and pos- 
terior ends of the animal that induces the reaction. 

7. In the reactions of Paramecium the steps between cause and 
effect cannot be traced, opposite causes producing the same effect, 
and the same cause if continued producing opposite effects. The 
nature of the reaction is conditioned by the internal mechanism of 
the animal's body. 



Mechanism of the Motor Reactions of Paramecium. 34 1 

8. The reactions of Paramecium indicate that the organism stands 
at the very bottom of the psychological scale. Simple irritability, or 
the property of responding to a stimulus by a fixed set of movements, 
seems sufficient to account for its activities. 

The results presented in the foregoing paper were obtained in con- 
nection with an extended study of the chemotaxis of Paramecium, 
can-led out in the Laboratory of the United States Fish Commission 
for the Biological Survey of the Great Lakes during the summer 
of 1898, and continued at Dartmouth College during the following 
autumn. It is a pleasure to acknowledge here my indebtedness to 
Prof. J. E. Reighard, the Director of the Survey, and to the officials 
of the United States Fish Commission for assistance and courtesy in 
every way in carrying on this investigation, as well as for permission 
to publish the present paper. 

Dartmouth College, 
Hanover, N. H., Jan. 17, 1899. 
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STUDIES ON REACTIONS TO STIMULI IN UNI- 
CELLULAR ORGANISMS. 

H. S. JENNINGS. 

III. Reactions to Localized Stimuli in Spirostomum 
AND Stentor. 

In the second of these studies {American Journal of Physu 
ology^ May, 1899) the writer has given an account of the 
mechanism of the reactions of Paramecium that involves an 
entirely different conception of the nature of these activities 
from that which has been generally assumed. It was shown 
that this protozoan has but one motor reaction in response to 
the most varied stimuli, and that it reacts without any relation 
whatever to the position of the stimulating agent, so that it 
cannot be said to be attracted or repelled by any agency or 
condition — its reaction being strictly comparable in all essen- 
tials to that of an isolated muscle. The importance of this, in 
case it should turn out to be the general method of reaction 
for unicellular organisms, is obvious, involving, as it does, the 
rejection of almost all hitherto received theories of the mechan- 
ism of reactions; the question, therefore, immediately arose as 
to whether this method of reaction was to be extended to other 
Protozoa. The following study of the reactions of Spirosto- 
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mum and Stentor is presented aa a contribution toward answer- 
ing this question. 

The minute size of Paramecium brought with it the great 
disadvantage that it was not possible under experimental condi- 
tions to apply localized stimuli to definite parts of the body, so 
that recourse was necessary to observation of chance contacts 
of sources of stimuli with one or another part of the body; 
an unsatisfactory method, and one requiring much time and 
patience. This difficulty is obviated in Spirostomum ambiguutn 
and Stentor polymorphus^ which are both so large that there is 
no difficulty in applying stimuli to any desired region on the 
surface of the body. The simplest means of doing this is to 
touch any point on the surface of the body with a proper instru- 
ment, thus giving the animal a sharply localized mechanical 
stimulus. Other methods are given in the following account 
of observations. 

Spirostomum ambiguum (Fig. i). 

Spirostomum ambiguum is one of the largest of unicellular 
animals, reaching a length of two or three millimeters. The 
average length of those on which the following observations 
were made was about one and one-half millimeters. In form 
Spirostomum is a long, slender cylinder of nearly equal diam- 
eter throughout, but slightly smaller at the ends. The mouth 
lies behind the middle of the body, and from this a band of 
large cilia (the adoral zone) runs to the anterior end of the 
body. The large contractile vacuole lies at the posterior end, 
and from this a canal runs almost the entire length of the body 
near its aboral side, or curving a little onto the right side. The 
adoral zone and this canal form important landmarks for deter- 
mining directive relations in studying the movements of the ani- 
mals. The posterior end is truncate, while the anterior end is 
rounded and shows a difference in its contour on the two sides 
of the animal. The tip is curved slightly toward the side on 
which the mouth is situated (the oral side), so that on the oppo- 
site or aboral side the contour is a long convex curve, while on 
the oral side there is almost an angle. These facts are best 
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appreciated in the figure ; while not prominent, they are visible, 
and are of the greatest importance for orientation while study- 
ing the movements of the animal. The difference in the two 
contours of the anterior end possibly does not correspond pre* 
cisely to the distinction between the oral and aboral sides, as 
determined by the position of the mouth ; 
the exact relation of parts is very difficult to 
determine on account of the continual twist- 
ing movements of the animal. But the dif- 
erence in contours in any case marks very 
nearly the oral and aboral sides, so that 
when the aboral side is spoken of in the 
following account it signifies that side of 
the anterior end in which the curve is long- 
est, while the oral side is that which presents 
the shortest curve (see Fig. i). The entire 
surface of the animal is covered with cilia, 
arranged in somewhat oblique longitudinal 
rows. 

The unstimulated Spirostomum swims for- 
ward by means of the backward stroke of its 
cilia; at the same time it may revolve on 
its long axis. This revolution is usually from 
right to left. The body (as shown in Fig. i) 
is not quite straight, but a little in front of 
the middle is slightly bent, so that the ante- 
rior part, as the body revolves, describes the 
surface of a cone. Owing to the animal's 
continual movement and its power of twisting 
into a spiral and of bending sharply, taken in 
connection with the only slight differentiation on the surface of 
the cylindrical body, the orientation of the body in relation to the 
direction of movement is very difficult to determine. But by 
keeping the attention fixed upon the form of the anterior end, 
as described above, it is possible under favorable conditions to 
observe that the aboral side of the anterior end is always on 
the outside of the cone, the oral side looking within. As the 
animal moves forward in connection with this revolving motion, 
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Fic. I . — S/irosUmttm am- 
^igmtm, right side. A^ 
anterior end ; P, posterior 
end; O, oral side; A6, 
aboral side; a^., adoral 
sone; m, mouth; c.v.f 
contractile vacuole. 
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the path of course becomes a spiral ; it agrees exactly with the 
path of Paramecium, in that the aboral side always looks toward 
the outer side of the spiral. At times the animal swims some 
distance without revolving on its long axis ; at such times the 
path is not a spiral. 

We will now proceed to a systematic examination of the 
changes in motion due to stimuli of different sorts and applied 
at different points on the animal's body. 

A. Mechanical Stimuli. 

The method of study consisted in touching with a capillary 
glass rod, of less diameter than the animal's body, different 
points on the surface of the animal, and noting the reactions 
caused. This procedure presents no difficulties. 

I. Stimulus at Anterior End, -^ If the animal is touched at 
the anterior end with the tip of the glass rod, it immediately 
contracts strongly, becoming short and thick, and the zones of 
cilia forming spirals surrounding the body, in the manner well 
known. (See the figure given by Biitschli in The Protozoa of 
BronrLS Klassen und Ordnungen des Thierreichs^ Taf. LXVII, 
Fig. 2 b,) At the moment of contraction it darts backward a 
little. It then gradually extends, continuing to swim backward. 
As it swims backward it revolves on its long axis, in all cases 
observed, from right to left, in the same direction as when 
swimming forward. Next it begins to turn its anterior half to 
one side, usually at the same time beginning to swim forward. 
Like Paramecium, it always turns toward the aboral side of the 
anterior end. It usually revolves at the same time, so as to 
describe a very wide spiral, with the aboral side on the outside 
of the spiral, finally straightening out and swimming forward 
in the direction indicated by the position of the aboral side at 
the time it straightens. Briefly, the animal when stimulated 
at the anterior end contracts, backs off, turns to the aboral 
side, and swims forward on a path which lies at an angle 
to the path on which it was previously swimming. In the 
case of a very slight stimulus the contraction may be 
omitted, the rest of the reaction being given as usual, ex- 
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cept that the animal swims only a short distance backward 
before turning. 

2. Stimulus at Posterior End, — If now the animal is touched 
at the posterior end, exactly the same reaction is produced. 
It contracts, then swims backward, — therefore toward the point 
of stimulus (whereas in the other case it swam away from the 
point of stimulus). Then it curves toward the aboral side, 
describing a wide spiral, and finally swims forward in the 
direction of the aboral side, exactly as described above. It 
makes no difference to the reaction which way the animal is 
swimming when stimulated : if swimming forvrard, the direction 
is changed ; if swimming backward when touched at the pos- 
terior end, it continues to swim backward after contracting. 

The posterior end is slightly less sensitive than the anterior, 
so that a very weak stimulus at the posterior end may cause no 
reaction at all. No matter where stimulated there are rare 
cases in which the animal when stimulated merely contracts 
(always darting back a little at the moment of contraction), then 
stops for a time, then resumes a forward motion. Out of one 
hundred cases stimulated at the anterior end, ninety-six reacted 
in the typical manner, while four gave the incomplete reaction 
just mentioned. Out of one hundred cases stimulated at the 
posterior end, ninety-two gave the typical reaction, while eight 
reacted incompletely. This difference in the number giving 
the typical reaction is probably a mere statistical variation, 
which would disappear with larger numbers ; if any significance 
is to be attached to it, it is merely that already noted — that the 
posterior end is slightly less sensitive than the anterior. 

The reaction is thus exactly the same whether the stimulus 
occurs at the anterior or the posterior end. 

3. Stimulus at One Side. — When the animal is touched any- 
where on the surface of the body between the two ends, the 
same reaction is given as in the two foregoing cases ; the ani- 
mal contracts, swims backward, curves toward the aboral side, 
and swims forward toward that side. The final direction in 
which it swims bears no relation to the position of the side 
on which the stimulus was given. 

4. Stimulus Unlocalized, — An unlocalized mechanical stimu- 



378 



THE AMERICAN I^ATURALIST. [Vol. XXXIII. 



lus can be given by jarring the dish of slide containing the 
animals. They contract, swim backward, turn toward the 
aboml side, and swim forward, exactly as in the other cases. 

Thus the reaction given by Spirostomum to a mechanical 
stimulus is identically the same, whatever part of the body is 
stimulated, or even if the stimulus is not localized at all. A 
diagram of the reaction oi Spirostomum to a stimulus is given 
in Fig. 2. 

5. Repeated SHmulu — When the same animal is repeatedly 
stimulated, certain features in the reaction are especially worthy 
of notice. At the first stimulus the animal contracts, then 





Fig. t. — Reaction of Spirostomum to a ttimului. The numbers giv« the suooeflsive 
positiong of the animal, while the arrow* show the direction of motion, l^e 
position of the adoial sons is shoi^ except where it lies above or below. No. 1 
shows the motion before stimulation occurs. 



swims backward. Now if, after recovering from the contrao* 
tion, but while still swimming backward, it is again stimulated, 
it again contracts and continues to swim backward. On a third 
stimulation, while still swimming backward, it usually reverses 
its course and swims forward. A reversal of the direction of 
motion now usually occurs at each new stimulus up to four or 
five. This reversal at each new stimulus may easily give the 
impression that the animal is swimming each time away from 
the source of stimulation, and hence that it is reacting with 
relation to the localization of the stimulus ; but this appearance 
is due merely to a psychological peculiarity of the experimenter. 
It is natural for the experimenter to touch the animal at the 
end toward which it is moving — to "head it off*' as it were. 
On the third trial he will, as above stated, usually succeed in 
getting it to reverse its motion and swim in the opposite direc- 
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tion. He then "heads it off" again by touching the other 
end toward which it is now swimming, with the result that it 
reverses again. This alternation on the part of experimenter 
and infusorian may continue for a number of times, giving the 
impression that the animal is clearly reacting with reference to 
the position of the source of stimulus, fleeing from it in each 
case. But this alternation is really an independent phenome- 
non in each of the two organisms concerned in the experiment, 
as is proved by the following. If the experimenter continues 
to stimulate the animal at the same end, regardless of the" 
direction in which it is moving, the animal's direction of motion 
will alternate as before. Thus, after the second stimulation, 
while the Spirostomum is swimming backward, if stimulated 
at the anterior end, it will now swim forward or toward the 
source of stimulus ; if stimulated again at the anterior end, it will 
reverse and swim backward ; again, and it swims forward once 
more. In these cases, as in the others, therefore, the direction 
of motion has no relation to the localization of the stimulus. 

If the stimulations are continued after five or six times, the 
animal will continue to swim violently in one direction or the 
other, without regard to the repetition of the stimulus or its 
localization. It is thus possible to stimulate the animal repeat- 
edly at its posterior end while it is swimming violently to the 
rear, and thus toward the source of stimulus ; in other cases it 
swims as violently away from the stimulus. In no case does 
the position of the stimulus have any effect on the direction of 
■notion. 

B. Chemical Stimuli, 

It is easy to localize the action of chemical stimuli in the 
following manner. A capillary glass rod is coated with paraffin. 
A Crystal of NaCl or other salt is then attached to the rod by 
means of the paraffin coating, and can then be held near to any 
part of the animal's body. 

I. Stimulus at Anterior End, — The crystal of NaCl is held 
close to the anterior end of the Spirostomum, but without 
touching it, so that only the diffusing salt in solution comes in 
contact with the animal. The Spirostomum contracts, swims 
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backward (away from the source of stimulus), turns toward the 
aboral side, and swims forward, exactly as in the case of a 
mechanical stimulus. 

2. Stimulus at Posterior End. — The crystal of salt is held 
close to the posterior end. The animal contracts and swims 
backward — therefore toward the source of stimulus. It thus 
either strikes the crystal of NaCl or passes through the 
densest part of the solution ; then continues backward some 
distance, finally turning toward the aboral side and swimming 
forward. 

3. Stimulus at the Side. — The animal reacts as in the two 
preceding cases, the direction of motion having no relation to 
the position of the stimulus. 

4. Stimulus Unlocalized. — The Spirostoma are dropped di- 
rectly into 2 per cent NaCl. They contract, swim backward, 
turn about irregularly, and soon die. 

The following experiment, giving results in almost all the 
above categories, is particularly striking. A number of Spi- 
rostoma are placed on a slide in a considerable quantity of water. 
Then a few crystals of NaCl are placed in the center, the 
cover-glass quickly supplied, and the reactions of the animals 
noted. All those in the immediate neighborhood of the NaCl 
soon contract and swim backward, as the flood of salt solu- 
tion diffusing from the crystals comes against them. The 
Spirostoma are scattered, with axes oriented in no special direc- 
tion, therefore some lie with anterior ends directed toward the 
mass of salt, so that this end first comes in contact with the 
salt solution ; others with posterior end thus directed ; others 
with long axis oblique to the direction of the mass of salt. All 
contract and swim backward, whatever part of the body is first 
met by the diffusing solution of NaCl. Those with anterior 
ends directed toward the mass, swimming backward, of course 
move directly away from the salt. Those. with posterior end 
toward the salt, likewise swimming backward, pass directly into 
the densest part of the solution of NaCl, and are quickly plas- 
molyzed and killed. Those with long axis oblique to the direc- 
tion of the NaCl also swim backward, some thus approaching 
more or less obliquely the solution of NaCl ; these do not turn. 
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but swim straight on, crossing the area and coming out on the 
other side, unless plasmolyzed and killed during the passage. 

It is evident that the Spirostoma are neither attracted nor 
repelled by the NaCl; it merely sets in operation their one 
reaction, and this takes them into danger or safety as chance 
may direct. Under normal conditions, of course, the anterior 
end will usually be directed toward the stimulating agent, since 
the animal generally swims forward, and masses of dangerous 
chemicals are not often dropped suddenly into the midst of a 
group of the Infusoria ; hence the device of swimming backward 
usually saves the animal. The following curious experiment 
shows how possibly a combination of circumstances might arise 
even under normal conditions such that the reaction would 
result in the destruction of the animal. A small mass of NaCl 
was slowly dissolving in the center of the slide. A Spirostomum 
was swimming forward directly away from the diffusing salt, 
not being in the region of its influence at all. Its posterior end 
was thus pointed toward the salt, but as it was swimming away 
it was in no danger. Now a slight jar was given to the prepa- 
ration — such as might easily occur in nature. Thereupon the 
Spirostomum reacted in the usual manner, by contracting and 
swimming backward. It thus swam toward the NaCI, until 
finally its posterior end came in contact with the advancing 
flood of salt solution. Thereupon the customary reaction was 
again induced still more powerfully ; the animal contracted and 
swam still lu o i r swiftly backward ; thus entering the salt solu- 
tion, it was plasmolyzed and killed. 

When a Spirostomum swiihming forward comes in contact 
with a diffusing chemical, it contracts, darts backward, then 
swings its anterior end about, finally turning toward the aboral 
side and swimming straight forward — so long as this does not 
take it again into the region oi the stimulating agent. If it 
does, the reaction is repeated until by the laws of chance the 
Spirostomum is directed into a region which does not cause 
stimulation. If the stimulus with which the anterior end comes 
in contact is very weak, the animal may omit the contraction 
and move a little backward without contracting ; then the ante- 
rior end is swung about in a circle (the aboral side, of course, 
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toward the outside of the circle), while the animal starts for- 
ward. So long as the anterior end is thus carried into a medium 
which causes the weak stimulus, the forward movement is at 
once checked and the animal jerks backward again; as soon, 
however, as the anterior end in its circling comes into a direc- 
tion such that swimming forward does not carry the animal 
into a region causing the reaction, the animal continues to 
swim straight forward. All these facts find a precise parallel 
in the reactions of Paramecium. 

When the Spirostomum is swimming backward, the course 
is never changed by the circling about of the posterior end and 
the turning in one way or another, as it is when the anterior 
end is directed forward ; the posterior end seems to have no 
power of initiating a turning movement. In this connection 
the reactions of the separate parts of a Spirostomum, cut into 
two or more pieces, is of interest. 

C. Reactions of Separated Parts. 

There is no difficulty in cutting Spirostomum with scissors 
or scalpel transversely into short pieces. Any piece with which 
the anterior end remains in connection, though it be but one- 
tenth of the entire animal, reacts in essentially the same way 
as the entire organism — by contracting, swimming backward, 
turning and swimming forward. Its motion, perhaps, differs a 
little in degree from that of the entire animal in the fact that 
turning is more frequent and pronounced, the piece at times 
swimming in a small circle. The direction of turning is, as in 
the uninjured specimen, toward the aboral side. Any piece 
from which the anterior end is separated, while the posterior 
end is uninjured, reacts as follows. When stimulated, it con- 
tracts and swims backward, does^ not turn, but soon swims 
forward. It swims but a short distance forward, then starts 
backward again ; after going in this direction once or twice its 
own length, it swims forward about the same distance ; then 
again backward. It continues thus to oscillate back and forth 
indefinitely. When the anterior end is removed, therefore, the 
motion takes the form of a rhythmical back and forth move- 
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tnent. tliis is tme when the posterior piece comprisei as much 
as nine-tenths of the entire animal. 

It seems, therefore, that the power df initiating a turn, and 
the power of continuing a course otice begun, are localized in 
some way in the anterior end. 
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Stentor pofymorphus (Fig. 3). 

Stentor palymofphus is smaller than Spirostomum ambiguum, 
but is still of sufficient size to make the application of localized 
stimuli a matter of no difficulty. It is a trumpet-shaped animal, 
exceedingly changeable in 
exact form and proportions. 
Fig. 3 shows a usual form 
of the animal when swim- 
ming freely ; when anchored 
by its base the form is more 
extended and slender. The 
surface of the animal is 
covered with cilia in longi- 
tudinal rows, while the broad 
anterior end, known as the 
peristome, is surroimded by 
a circle of larger cilia form- 
ing the adoral zone. At 
one side of the disk is a 
funnel-like depression which 
leads into the mouth. That 
surface of the body nearest 
to which the mouth lies may 
be called the oral surface; 
the opposite one, the aboral 
surface. Considering the 
oral as equivalent to ven- 
tral surface, we may define 
right and left sides as follows : When the oral surface is below, 
and the anterior end is away from the observer, the right and 
left sides of the animal correspond to the observer's right and 




Fig. i.^SUnior polymorfkut^ partiallj contiacted 
free-swimming individual, oral surfture. A^ ante- 
rior end ; P, posterior end ; L^ left side ; R, right 
side; mt, mouth; /, peristome. 
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.left. (In the figure the oral surface is above, so that right 
and left sides are reversed.) The body of the animal is usually 
curved, being bent from the direction of the anterior end 
toward the left side; sometimes there is near the posterior 
end a second short curve to the right. 

Stentor polymorpkus is often found attached by its posterior 
end ; at other times it swims freely in the water. The motion 
in the free-swimming individuals is as follows: The animals 
swim slowly forward ; at the same time they may or may not 
revolve on the long axis. The revolution when it occurs is 
usually, if not invariably, to the left. When the animal swims 
forward without revolving on its long axis, the path is usually 
a curved one, the animal continually swerving toward its right 
side. In this way the Stentors usually describe circles of 
greater or less radius. If they revolve as they swim forward, 
they continually swerve to the right also; but owing to the 
revolution, the right side continually changes its position, so 
that the path becomes a spiral one, as in Paramecium and 
Spirostomum. The motion of Stentor polymorpkus is usually 
very slow, so that all these relations are observable without the 
slightest difficulty. 

A. Reactions to Mechanical Stimuli. 

The animals were stimulated in the same way as Spirosto- 
mum, by touching them at any desired point with a capillary 
glass rod. 

1 . Stimulus at Anterior End^ on Peristome.' — The animal con- 
tracts and swims backward a short distance (its own length or 
a little more). As it swims backward it revolves on its long 
axis to the left — in the same direction as when swimming 
forward. Then it turns on its short axis to its right and 
swims forward. 

2. Stimulus at Side. — Identically the same reaction is given 
as when stimulated at the anterior end ; the animal contracts, 
swims backward, turns to right, and swims forward. The 
turning is not with reference to the position of the source 
of stimulus, but is always toward the right side. Therefore, if 
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stimulated on the right side, the animal turns toward the side 
stimulated; if on the left side, it turns away from the side 
stimulated. Owing to the revolution on the long axis while 
swimming backward, the position of the right side at the time 
of turning on the short axis bears no definite relation to its 
position at the time of stimulation ; so we find that the absolute 
direction toward which the animal turns has no constant or 
prevailing relation to the absolute direction from which the 
stimulus came. 

3. Stimultis at the Posterior End. — The posterior end of 
Stentor, narrowing to a point of attachment, is very little 
sensitive, so that touching it with the rod of glass usually 
causes no reaction whatever. By giving it a smart blow, 
however, a reaction can be induced, and this is then identical 
with the reaction already described. The animal thus, of 
course, swims at first toward the source of stimulus. 

4. Stimulus not Localized, — If the vessel containing the 
Stentors is jarred, they react in the same manner as to 
localized stimuli. 

B. Chemical Stimuli. 

Stentor gives the same reactibn to chemical as to mechanical 
stimuli. If when swimming forward through the water it comes 




Fig. 4. — Diagram of the reaction of Stentor. The arrows show the direction of motion, while 
the numbers indicate the successive positions of the animal ; No. i showing the animal 
before stimulation occurs. 

in contact with a chemical substance sufficiently powerful to 
act as a stimulus, it contracts, swims backward, turns to the 
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right, and swims forward on a new path ; if this path takes it 
again into the stimulating region, the reaction is repeated;, 
thus by the laws of chance the animal will in time probably 
be brought into a region which does not act as a stimulus. 
The reaction is the same whether the stimulus is localized or 
is a general one. The reaction is in essentials like that of 
Paramecium and Stentor. 

The reaction of Stentor pofymorphus is shown in Fig. 4. 

Summary and Conclusions. 

The reactions of Spirostomum and Stentor are similar in all 
essentials to those of Paramecium. To any stimulus all these 
animals respond by swimming backward, turning to one side, 
and then swimming forward. Paramecium and Spirostomum 
always turn toward the aboral side ; Stentor, toward the right 
side. In Spirostomum and Stentor a contraction of the body 
forms an additional feature of the reaction. The reaction is 
not modified in any way by the position of the stimulus ; the 
direction of motion is the same whether the source of stimulus 
is at the anterior end, the posterior end, the side, or if the 
stimulus is not localized at all. If the stimulus is at the 
anterior end, the animal necessarily swims away from it ; if at 
the posterior end, it swims toward it, even when this results 
in the destruction of the animal. The discussion and conclu- 
sions given in my previous paper {loc, cit,) in regard to Parame- 
cium are, therefore, equally applicable to Spirostomum and 
Stentor, and need not be repeated here. 

The fact that three such dissimilar ciliates as Paramecium, 
Spirostomum, and Stentor agree in their reaction in all essen- 
tial particulars certainly raises a presumption that the mode of 
reaction is of this general character throughout the ciliate Infu- 
soria. This is especially probable in view of the fact that the 
revolution on the long axis and progress in a spiral course, 
which plays so essential a part in these reactions, and indeed 
seems to have the special purpose of making such a method of 
reaction possible, is already known to occur in the motions of 
almost all ciliates. Moreover, the same is known, through the 
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reaearches of Nageli, to be true of the fl^eUate swarm spores 
of plants. According to this investigator* such swarm spores 
swim in a spiral course, with the same side always toward the 
outside of the spiral — exactly as I have described for Para- 
mecium, Spirostomum, and Stentor, Another observation of 
Nageli renders it extremely probable that the mechanism of the 
reactions of these organisms is essentially the same as in the 
three ciliates named. When these flagellate swarm spores 
strike in their forward course against an object, they cease 
the forward motion for a time, but continue to turn on the 
long axis ; then " there ensues a backward motion^ with poste- 
rior end in advance, while at the same time they rotate in the 
opposite direction. This backward course usually lasts but a 
short time and becomes gradually slower; it is soon exchanged 
for the forward motion, which takes place, as a rule, in a some- 
what different direction from the original one." ^ This descrip- 
tion would apply without the slightest change to the reactions 
of Paramecium, Spirostomum> and Stentor under the same cir- 
cumstances. It may be predicted with much confidence that 
the reactions would be found to be similar under other circum- 
itances ; that the ** somewhat different direction" of the swarm 
spores would be found to be always toward the side which faces 
the outside of the spiral course, and that the same reaction 
would be given whatever the nature and position of the stim* 
ulus. If this is true, then the conclusions which I have drawn 
for Paramecium in my previous paper would apply equally to 
the Flagellata. Certainly until the mechanism of the reactions 
of these and other unicellular organisms is determined by 
observation, it is hardly worth while to base any conclusions 
on theoretical schemes of the character usually given for such 
reactions. Theories of the reactions of unicellular organisms 
may be placed in two general classes : on the one hand are 
those theories which look upon the activities of unicellular 
organisms as determined in a manner similar to those of 
human beings, by a play of desires, motives, etc; while at the 
other extreme are theories in which the movements are looked 
upon as of a character essentially similar to those taking place 

^ The above qmotation from Niig^li h tranilated from Hertwig, L>uZelUtp,6^ 
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in a chemical reaction — the protoplasmic mass reacting rather 
as a substance than as an individual. Some such theory as 
this latter seems to be latent in the minds of many biologists ; 
it finds typical expression in the scheme for the reactions of a 
unicellular organism to chemical substances given by Le Dantec 
{La Matiire Vivante^ pp. 50-54). In this scheme, which is 
illustrated by geometrical constructions and almost takes the 
form of a mathematical demonstration, Le Dantec assumes that 
there is a tension between the chemical in solution and the 
surface of the protoplasmic mass, and that this tension acts in 
lines of force directed either away from the center of the proto- 
plasmic mass, or toward that center. The movement of the 
organism is then due to the difference in this tension on the 
two sides of the protoplasmic mass — that directed toward the 
center from which the chemical is diffusing, and that directed 
away from it. As the chemical diffuses from a center, the 
solution is less intense the farther one passes from the center ; 
hence the solXition is less dense on that side of the protoplasmic 
mass farthest away from that center. Assuming that the ten- 
sion caused by the chemical acts on the protoplasmic mass in 
lines of force directed away from the center of the mass, it is 
mathematically demonstrable that this force will be stronger 
on the side toward the center of diffusion of the chemical, and 
that the resultant of all the lines of force will be a force directed 
exactly toward this center of diffusion. Hence the protoplasmic 
mass will move toward the center of diffusion of the chemical ; 
in this way positive' chemotaxis is explained. If, on the other 
hand, the tension acts in lines of force directed toward the 
center of the protoplasm, the same mathematical construction 
shows that the mass will move away from the center of diffu- 
sion ; thus is explained negative chemotaxis. 

The impossibility of reconciling the movements of the three 
Infusoria, whose reactions I have described, with any such theory 
as this is manifest. The theory, though designed expressly to 
explain the movements of the bacteria and flagellates used in 
Pfeffer's well-known experiments in chemotaxis, neglects en- 
tirely the fact of the differentiation, . in those organisms, of 
axes along which movement takes place, as well as the fact that 
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they move by means of definite organs of locomotion, — flagella, 
or cilia. To make this abstract scheme fit the concrete motions 
of the organs of movement would be much more difficult than 
to invent the scheme. 

If chemotaxis acts in the direct manner supposed in such a 
theory as the above, the organism will of course move directly 
toward a source of attractive stimulus, directly away from a 
source of repellent stimulus, and that moreover without regard 
to the relation of the direction of its axes to the direction of 
motion. As I have shown in detail for Paramecium {loc. cit.), and 
briefly above for Spirostomum and Stentor, this is by no means 
true for the organisms studied. On the contrary, the direction 
of motion has no relation to the position of the source of stim- 
ulus, so that we cannot correctly speak of attraction or repul- 
sion at all. The organism reacts as an individual^ not as a 
substance^ and the nature of the reaction is conditioned by the 
internal mechanism and the structural differentiations of the 
body of the organism. The essential distinction insisted upon 
by Le Dantec {Joe, cit.) between the reactions of a unicellular 
organism and those of a metazoan must therefore, for these 
organisms at least, fall to the ground. It will not do to think 
of the reactions of these organisms as in any way akin to those 
of chemical substances. 

On the other hand, the reactions are equally distant from 
the complexity assumed by those who attribute to unicellular 
organisms most of the psychological powers of higher animals. 
The reactions of these organisms may best be compared with 
the working of a machine in which the wheels are geared to 
turn in but one direction, whatever be the nature of the force 
that sets them in motion. 

Dartmouth College, Hanover, N.H., 
February 28, 1899. 
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ORGANISMS. IV. — LAWS OF CHEMOTAXIS 
IN PARAMECIUM.^ 

By H. S. JENNINGS. 
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I. Introduction. 

IN the second paper of this series of Studies,^ I have given an 
account of the mechanism of the reactions of Paramecium that 
requires a revision (for this animal) of the usual conceptions con- 
veyed by the term chemotaxis. It was there shown that Parame- 
cium reacts in essentially the same manner to all effective stimuli, 
and that the direction of motion in the reaction has no relation 
to the position of the source of stimulus, so that the animals are 
not directly attracted or repelled. When the animals are stimu- 
lated in any way, they swim backward, turn toward the aboral side, 
then swim forward over the new path so determined, without regard 
to the position of the stimulus. The terms positive and negative 
chemotaxis thus lose their content almost entirely, at least in the 
construction which is often put upon them. Nevertheless it will be 
convenient to employ these terms to express the fact that the Parame- 
cia do, in the manner detailed in the paper above referred to, form 
collections in certain regions (positive taxis), and leave other regions 
empty (negative taxis). These phenomena retain their biological 
significance in full, whatever the means by which they are brought 
about. In view of the mechanism of the reactions, the following 

* Scientific Results of a Biological Survey of the Great Lakes, directed by 
Jacob Reighard (Ann Arbor, Mich.), under the auspices of the U. S. Commission 
of Fish and Fisheries, No. 2. Published by permission of the Hon. George M. 
Bowers, Fish Commissioner. 

• The following papers have appeared in the series of Studies of which this is 
the fourth : I. Rectctions to Chemical^ Osmotic^ and Mechanical Stimuli in the 
Ciliate Infusoria^ Journal of physiology, 1897, xxi, pp. 258-321. II. The Mechan- 
ism of ^Jie Motor Reactions of Paramecium, This journal, May, 1899, ii, pp. 311-341. 
III. /Reactions to Localised Stimuli in Spirostomum and Stentor^ American 

naturalist. May, 1899, xxxiii, p. 372. These papers will be referred to in the 

following as I, II, and III, respectively. 
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definitions may be given. Certain substances in solution set up in 
a Paramecium random movements, the direction of movement being 
changed at the time the stimulus begins to act and frequently so 
long as it continues to act. As a result of these undirected motions 
the Paramecium is in time, by the laws of chance, carried out of the 
region of the substance causing them, and prevented from re-enter- 
ing. Hence toward these substances it may be said to be negatively 
chemotactic, and the substances may be called repellent. Other 
substances cause no motor reaction whatever, so that the Paramecia 
tend to come to rest within them, and these substances are further 
of such a nature that they throw the Paramecia into a peculiar 
physiological condition, such that coming in contact with a fluid 
not containing these substances causes the motor reaction above 
characterized, so that the animals are returned into the region of the 
substance causing no motor reaction. Hence if this region is small 
a dense assemblage of Paramecia may be formed within it. Sub- 
stances of this character may therefore be said to be attractive, and 
the Paramecia are positively chemotactic toward them. The terms 
repellent and attractive, negative and positive chemotaxis, as used 
in this paper, are then to be understood to have significations in 
accordance with the above definitions. 

2. Relation of Chemotaxis to Benefit or Injury. 

The present paper deals with the nature of the substances thus 
causing or failing to cause the motor reactions, and with the laws of 
their action. The first question which will be taken up is in regard 
to the relation of chemotaxis to the benefit or injury to the organism, 
caused by the given substance. As shown in II, the effect of the 
motor reaction is on the whole to carry the organism out of the 
sphere of action of the substance causing the reaction and to prevent 
its returning. Is the production of this reaction due to the fact that 
the substance causing it is injurious to the Paramecia? This is a 
question of some interest in view of a common theoretical explana- 
tion of the origin of chemotactic movements. It is said that through 
natural selection such individuals as are repelled by injurious sub- 
stances would survive and perpetuate their kind, while those not 
repelled by these substances would be destroyed; the converse 
being true as regards beneficial substances. We might then expect 
to find that the individuals which now survive have become accu- 
rately adjusted in these matters, being repelled by any substance 



Laws of Chemotaxis in Paramecium. 357 

which injures them. Any injury might be conceived to result in 
the " organic analogue of pain," causing thus motor reactions which 
take the animal away from the source of injury. 

We know already from the first of these Studies that the substances 
which cause the motor reaction most markedly, and hence give most 
clearly the phenomena of negative chemotaxis, are chiefly alkalies, 
while substances in which the Paramecia collect, giving the motor 
reaction only when they attempt to pass out of them, are substances 
having a weak acid reaction. Thus the distinction between repellent 
and attractive substances is, to a certain extent at least, based upon 
purely chemical differences. But it was shown in the same paper 
that many neutral salts likewise cause the reaction, so that the acid 
or alkaline character of the solution is not the only determining 
factor; further, that when acid solutions reach a certain strength, 
they too cause the same motor reaction as do other substances ; it 
is only weakly acid solutions that are attractive, while stronger acid 
solutions are repellent. It is a well-known fact that organisms are 
often thus negatively chemotactic toward substances to which in a 
weaker solution they are positively chemotactic. 

Now, what is the basis of this change of reaction with a change 
in the strength of solution? The solution of course becomes more 
injurious as it becomes stronger, and the answer to this question 
which lies nearest is that the negative chemotaxis of the organisms 
is due to the injuriousness of the solution. May we say that as soon 
as an acid solution becomes equally injurious with the repellent 
alkaline solution, it too becomes repellent? And can we generalize 
the answer and say that the animals are throughout negatively 
chemotactic to certain substances in virtue of the fact that these 
substances are injurious to them? 

If the injurious quality of the substance is the determining factor 
in causing the reactions which result in negative chemotaxis, then 
evidently two substances which are equally injurious must have 
equal powers of repelling Paramecia, and if one substance is injurious 
in a weaker solution than a second, then also must the first sub- 
stance be repellent in a weaker solution than the second. In other 
words, the repelling powers of the two substances must be propor- 
tional to their injurious effects. 

This gives a method of testing the question. We may determine 
the weakest solutions of two or more substances that repel the 
Paramecia, and note the ratio of their strength ; then determine the 
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weakest solutions of the same substances that will kill the Paramecia 
in a given time, noting their ratios as before. If the two ratios are 
approximately the same — that is, if the repellent powers are pro- 
portional to the injurious effects — then the evidence is in favor of 
the proposition that the production of the motor reaction resulting 
in repulsion depends upon the injurious effect of the substances; if 
the ratios are not the same, then the relation between repellent 
power and injuriousness is not one of direct dependence. 

I have compared in this way a considerable number of substances. 
The repellent powers of different chemicals were tested in the 
manner described in I and II for studying chemotaxis, — by intro- 
ducing with a pipette drawn to a capillary point a drop of the 
substance beneath the cover-glass of a slide of Paramecia. The 
substances to be tested were dissolved in proper proportions in 
distilled water. In distilled water alone the Paramecia form collec- 
tions (as shown in I), so that the repellent powers of the solutions 
are due wholly to the dissolved substance. For finding approxi- 
mately the weakest solution of a substance that causes repulsion, it 
is convenient to proceed as follows: A series of covered watch- 
glasses are filled with solutions of the given substance, each succes- 
sive watch-glass with a solution one half or one fourth as strong as 
that in the preceding one. Thus we shall have perhaps the follow- 
ing solutions : t, ^a, i^^, ■^\js, and y J^iy per cent, etc. The Paramecia 
are placed on a slide beneath a long cover-glass supported at the 
ends by bits of glass tubing. Now with the capillary pipette drops 
of solutions of different strengths are introduced beneath the four 
corners of the cover-glass, — under one corner a drop of J, under 
the next ^V* then ^, and ■^\js per cent. We shall probably find that 
some of the drops remain empty, while others are quickly filled with 
Paramecia. Suppose that the J, ^0, and ixi per cent remain empty, 
while the ^\^ per cent is quickly filled. It is thereupon evident that 
the weakest solution which repels the Paramecia lies somewhere 
between -g^j and ■z\i5 per cent. By making proper intermediate grades 
between these two, approximately the weakest solution that repels 
the Paramecia can usually be determined very expeditiously. All 
the precautions insisted upon in I as necessary for carrying on such 
experiments were of course rigorously observed. 

I will present in detail the results in two typical cases, then sum- 
marize my results on the sixty-five substances tested, in the form of 
a table. 
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For a first case we may take two chemically related substances, 
toward both of which the Paramecia show positive chemotaxis when 
the solutions are very weak. Chromic acid and potassium bichromate 
fulfil these conditions. These substances both have an acid reaction, 
due to the same component in each case, and the Paramecia gather in 
weak solutions of both of them. In stronger solutions both cause the 
motor reaction which results in repulsion. Is this due in each case to 
the injurious effect of the stronger solutions? 

For potassium bichromate the weakest solution that repels the 
animals is about ^ per cent. For chromic acid the weakest solution 
which sets the motor reaction in operation is about jiiy per cent. The 
ratio of repellent powers is therefore 7.5 to i in favor of the chromic 
acid. 

The injurious effects of the solutions are now tested as follows: 
Watch-glasses with solutions of different strength are arranged in 
series, as above described, and into each a drop of water swarming 
with Paramecia is introduced and quickly mixed. The solutions are 
made in such a way that after the introduction of the water containing 
Paramecia they are of the recorded strength. The weakest solution 
in which all the Paramecia are killed in one minute is thus determined 
for the two substances. 

For the potassium bichromate it is found in this way that the weak- 
est solution which kills the Paramecia'in one minute is a one per cent 
solution, — that is, a solution twenty times as strong as the weakest 
solution that repels them. In the chromic acid they die somewhat 
more quickly in a xia per cent solution, — a solution of the same 
strength as the weakest which causes repulsion. The ratio of the in- 
jurious effects of the two substances is therefore as 150 to i in favor 
of the chromic acid. 

Comparing the two ratios, we find that they are strikingly unequal. 
While chromic acid has but ^\ times the repellent power of potassium 
bichromate, it is 150 times as injurious. Potassium bichromate repels 
in a strength ^ of that which is severely injurious; the chromic acid 
does not repel until it has reached a strength which is already de- 
structive. In the latter case the repellent power is evidently due 
directly to the injurious effects; repellent power and injurious effects 
appear at the same point as we pass from weaker to stronger solu- 
tions. If the conduct of the Paramecia is observed under the micro- 
scope as they swim backward after coming in contact with a drop 
ofjiirper cent chromic acid, it is at once evident that they are 
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decidedly injured, and frequently they die after swimming backward 
a little distance. The motor reaction is thus not set in operation by 
the chromic acid until the Paramecia are already injured and it is too 
late to save them. When such a drop is introduced beneath the 
cover-glass, the Paramecia are therefore killed by scores and the 
drop is soon surrounded by a ring of the dead animals. If a drop of 
a solution somewhat weaker than ^yo per cent is introduced, the Para- 
mecia enter it directly, forming a dense gathering, and after a time it 
may be observed that many individuals of the group are dead or 
severely injured. In the case of the potassium bichromate, on the 
other hand, the Paramecia are never injured whatever the strength of 
solution used ; they gather in a ring about a drop of strong solution, 
but do not enter it deeply enough to be injured. 

For these two substances then the test results negatively; potas- 
sium bichromate has twenty times the repellent power it should 
have if repellent power depends alone on the injuriousness of the 
solutions. 

We may next test two substances which do not attract the Para- 
mecia in any strength, and which are not injurious in virtue of their 
chemical properties at all, but only as a result of their osmotic 
pressure. As such substances we may select sodium chloride and 
cane sugar. Repeated comparative tests with isotonic solutions of 
these two substances indicate that neither is immediately injurious to 
the Paramecia except through osmotic pressure ; strong isotonic solu- 
tions of the two substances kill the Paramecia in approximately the 
same period of time. Thus if Paramecia are introduced at the same 
time into I per cent sodium chloride solution and 9.64 per cent cane 
sugar (which is isotonic with i percent solution of sodium chloride), 
in both cases nearly all the individuals are found to be dead twenty 
minutes after they were introduced, and in neither solution does the 
proportion of dead markedly preponderate. This result for Para- 
mecium differs from that gained by True ^ for Spirogyra ; in the case 
of Spirogyra sodium chloride was found to have a distinct toxic effect 
in addition to its osmotic properties. 

The weakest solution of sodium chloride which repels the Para- 
mecia is from ^ to ^ per cent. The weakest solution of cane sugar 
which sets the motor reaction clearly in operation is 10 per cent. 
Taking the repellent solution of sodium chloride as tV per cent, the 

* True: Botanical gazette, 1898, xxvi, p. 407. 
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repellent power of sodium chloride is to that of cane sugar as 10 
to tV, or as 100 to i. On the other hand, as stated above, 1 per cent 
sodium chloride has the same injurious effect as 10 per cent cane 
sugar, so that the injurious effects of sodium chloride are to those of 
cane sugar as 10 to i. The repellent power of the cane sugar, like 
that of the chromic acid, is plainly due to its injurious properties. 
The motor reaction is not set in operation until plasmolysis has begun, 
as shown by the evident shrinkage of the bodies of the animals, and it is 
usually too late at this time to save them from destruction. If a drop 
of strong sugar solution is introduced into a slide of Paramecia, it 
soon becomes filled with the dead Protozoa. On the other hand a 
drop of sodium chloride is not destructive whatever its strength, 
since the motor reaction is set in operation long before the Para- 
mecia have entered deeply enough to be injured. Sodium chloride 
has, as shown by the ratios given above, ten times the repellent power 
that it should have if repellent power depends entirely upon injurious 
effects. 

A large number of compounds, chiefly inorganic, were tested as to 
the relation between repellent power and injurious effects, and it was 
found that the cases given above are typical for all. We can divide 
chemical substances as regards this matter into two classes, as shown 
in the following table. In the first column may be placed together 
substances in which, as in potassium bichromate and sodium chloride, 
the repellent power is great in proportion to the injurious effects. 
These substances all set the motor reaction in operation long before 
any injury has taken place, so that the Paramecia are not harmed in 
the least when a drop of one of them is introduced into a slide prep- 
aration of the infusoria. In the other column may be placed sub- 
stances in which, as in chromic acid and cane sugar, the repellent 
power is slight in relation to the injurious effects ; the motor 
reaction in all these substances is set in operation only when the 
Paramecia are already injured and it is too late to save them. A 
drop of any one of these substances introduced beneath the cover- 
glass of a slide preparation of Paramecia proves exceedingly 
destructive. 

We may for convenience classify the substances in the table also 
into those whfch are attractive to the animals in weak solutions (A), 
and those which are repellent in all effective solutions (B). 
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TABLE I. 

1. Repellent power strong in proportion to 2. Repellent power very weak in profjor- 
injurious effects : chemotaxis protec- tion to injurious effects : chemotaxis 

tive. not protective. 

(A. Attractive Substances^ 

Sodium fluoride, Potassium bichromate, HF, HCl, HBV, HI, H2SO4, HNO,, 
Ammonium bichromate, Potassium fer- Acetic Acid, Tannic Acid, 
ricyanide. Picric Acid, Chromic Acid, 

(KBr), (KCl), (RuCl), (CsCl).i Potassium fluoride. Potassium permanga- 

nate, 
Ammonia alum, Ammonio-ferric alum. 
Chrome alum. Potash alum, 
CUSO4, CuClj, Cu(C2H802)2, 
ZnCla, HgCla, AlClg/ 

(B. Repellent Substatues.) 

LiCl, NaCl, (KCl), (RuCl), (CsCl),i Cane sugar, Lactose, 

LiBr, NaBr, (KBr), RuBr, Maltose, Dextrose, 

Lil, Nal, KI, Rul, Mannite, Glycerin, 

LiaCOg, Na2C08, KgCOg, Urea. 

LiNOg, NaNOj, KNO„ 
NaOH, KOH ; KBrOg, 
NH4F, NH4CI, NH4Br, NH4I, 
CaCl^, SrCl2, BaCl2, 
Ca(N08)2, Sr(NO,)2, Ba(NOg)a. 

From this table and the foregoing discussion it is evident that the 
question proposed is to be answered in the negative. The injurious- 
ness of a substance is not the determining factor in its repellent power, 
since the repellent power of different substances is not at all propor- 
tional to the injuriousness of their solutions. In the substances of the 
second column, such power as they have to set in operation the motor 
reaction of Paramecium is indeed evidently due directly to the injuries 
caused, though this power is nothing like so precise and strong as in 
the substances of column i, not being sufficient even to prevent the 
Paramecia from entering and being destroyed. 

The fact that the injuriousness of a solution is not the chief deter- 
mining factor in its repellent power seems to indicate that the com- 
mon theory, according to which the reactions of organisms have been 
fixed by natural selection through the destruction of the individuals 
not repelled by injurious substances, does not contain the whole truth. 

* In the case of the substances enclosed in parentheses, the reactions of Para- 
mecia from different regions varied, as described in a subsequent part of this paper. 
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Probably many of the substances experimented with have never been 
met by the Paramecia in the course of their evolution, and their reac- 
tion toward these must be determined by other laws. Possibly their 
reactions are adjusted by natural selection to some small number of 
substances, while to other substances they react by analogy as it 
were, — by the similarity of their effects to those of the substances to 
which the reaction has been adjusted by natural selection. Thus it 
may be that repulsion for some alkali plays an important part in the 
biology of the animals, and that the reaction toward other substances 
of this sort is due to their similarity to the primary one. We know 
that to the tendency to collect in weak solutions of carbon dioxide is 
due the apparently gregarious habit of the Paramecia, and this prob- 
ably serves a useful purpose somewhere in the life of the animals. 
It may be that the tendency to gather in other acid solutions, even 
such destructive ones as sulphuric acid and copper sulphate, is a sort 
of reflection of this tendency to collect in carbonic acid, and that 
natural selection has had no opportunity to correct this tendency 
directed toward injurious substances. That there is much opportunity 
for natural selection to act is clear when one tests any chemical sub- 
stance by bringing a drop of it among a large number of Paramecia. 
There is always a number of individuals who do not give the typical 
reaction, some being much more and some much less sensitive than 
the majority. 

Another consideration of importance is the following: It may not 
be at all the direct effects of a substance on the Paramecia, through 
which natural selection has adjusted the reaction toward that sub- 
stance. Thus it may be that in solutions of a certain nature, harmless 
in themselves, the Bacteria which form the food of the Paramecia are 
never found ; natural selection would then act by starving such Para- 
mecia as were not repelled by these solutions. • 

3. Relation of Chemotaxis to Chemical COxMposition. 

If the injuriousness of substances is not the determining factor in 
their repellent power, what is the determining factor? An examina- 
tion of the table above given brings out the following facts. All the 
substances in which the repellent power is relatively great contain a 
large proportion of some metal of either the alkali group (Li, Na, K, 
Ru, Cs, or NH4) or of the earth alkali group (Ca, Sr, Ba). This is 
true of all, whether having an acid, a neutral, or an alkaline reaction. 
On the other hand most of the substances in the second column con- 
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tain none of these elements. It is true that certain of these com- 
pounds, as potassium fluoride, potassium permanganate, and the alums 
do contain members of the alkali group. But in potassium fluoride 
the qualities of the compound are due almost entirely to the fluorine 
component, as is shown by the fact that this salt, like hydrofluoric 
acid itself, attacks glass energetically. In potassium permanganate and 
the alums the proportion of alkali metal is small, as is shown by their 
formulas. Thus the formula for potash alum is KA1(S04)2, + 12 H2O, 
so that in the molecule composed of forty-eight atoms but one 
of these is K; the properties of these compounds are very little 
due to the alkali component. The proportion of alkali metal is very 
much larger in the substances of the first column. This dependence 
upon the presence and proportion of an alkali metal is in practice so 
striking that in working with salts whose action on the Paramecia is 
not yet known, it is usually possible to predict with certainty from 
the chemical formula into which column they will, upon experiment, 
be found to fall. 

The results on these sixty-five compounds appear then to justify 
the following conclusion : Compounds which contain a large propor- 
tion of one of the alkali or earth alkali metals set in operation the 
motor reaction of Paramecium even when exceedingly weak; their 
repellent power is therefore great in proportion to their injurious 
effects, and the infusoria are not endangered by the presence on the 
slide where they are swimming of a drop of a solution of these com- 
pounds. Substances which do not contain a large proportion of one 
of these metals as a rule set in operation the motor reaction of Para- 
mecium only when the animals are already injured; their repellent 
powers are very weak in proportion to their injurious effects, and a 
drop of one of them introduced into a preparation of Paramecia is 
very destructive to the latter. 

The fact, however, that the injurious properties of a substance on 
reaching a certain intensity of action do produce the motor reaction 
is worthy of special notice ; in all the substances in the second column 
the reaction is manifestly due directly to the injuries inflicted, without 
regard to the nature of the substance. Paramecium is not sufficiently 
sensitive to injuries to make the reaction thus produced of any pro- 
tective value, at least under experimental conditions. But it may 
easily be conceived that this sensitiveness might be so increased that 
the reaction would be of the greatest importance for preserving the 
animals ; it is probable that in many organisms this condition is real- 
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ized. We seem to have in Paramecium the very lowest step in the 
production of reactions due to the " organic analogue of pain " (to 
use a phrase employed by J. Mark Baldwin), — a step so low that the 
power of thus reacting seems to have no value for the life of the 
organisms. 

The chief determining factor in the repellent power of solutions is 
then, for Paramecium, of a chemical nature, with little relation to the 
comparative injuriousness of the solutions. 

The conclusion above drawn as to the repellent power of the alkali 
metals is reinforced and extended by certain results gained in a study 
of the compounds of these metals with the halogens, — compounds of 
lithium, sodium, potassium, rubidium, and caesium on the one hand, 
with fluorine, chlorine, bromine, and iodine on the other. These 
form a definitely circumscribed group of compounds, the characteris- 
tics of which, as is well known, vary in many respects with the mo- 
lecular weights of the elements composing them. A qualitative and 
quantitative study of the reactions of the Paramecia toward these 
compounds was begun at Put-in-Bay Island, Lake Erie, during the 
summer of 1898, in the hope that such a study would throw light on 
the essential nature of chemotaxis. The work was not finished at 
Put-in-Bay, and on taking it up again at Hanover, N. H., it was found 
that the Paramecia here gave in part different reactions from those 
studied at Put-in-Bay. The differences are of such a nature as to be 
not unintelligible, yet it will be necessary to consider separately the 
results obtained at the two places. 

The elements belonging to the group of halogens may be arranged 
in a series, beginning with that having the least atomic weight and 
proceeding to that which has the greatest atomic weight, as follows : 
fluorine (at. wt. 19), chlorine (at. wt. 35), bromine (at. wt. 80) 
iodine (at. wt. 127). As is well known, this is also the order of the 
chemical activity of these elements, the lightest being most active. 
In the same way the alkali metals may be arranged in a series begin- 
ning- with the lightest, as follows: lithium (at. wt. 7), sodium (at. wt. 
23), potassium (at. wt. 39), rubidium (at. wt. 85), and caesium (at. 
wt. 133). This series also gives in a general way the order of chemi- 
cal activity of the elements, the lighter ones being more active. 

The compounds of these two sets of elements may be arranged in a 
table in such a way as to give the halogen series from above down- 
ward, the alkali series from left to right. In the ensuing table, 



366 



H, S> Jennings. 



arranged in this manner, are placed only the compounds which I was 
able to procure and use for studying the reactions of the Paramecia 
at Put-in-Bay. For convenience the hydroxides of the metals and 
the acids of the halogens are brought into the table, — the former 
constituting the lower row, the latter the right-hand column. 

TABLE II. 





Li(7) 


Na(23) 


K(39) 


Ru(85) 


Cs(132) 




F{19). . . . 


.... 


'■■•.. NaF 


KF 


.... 


.... 


HF 


Cl(35) . . . 


LiCl 


Naci-, 


KCl 


RuCl 


CsCl 


HCl 


Br(80) . . . 


LiBr 


NaBr 


.KBr 


.... 


.... 


HBr 


1(127) . . . 


Lil 


Lil 
NaOH 


KI , 
KOII 


• ••• 




HI 



In this table, as will be observed, the compounds of the lighter (and 
more active) metals are placed to the left ; the compounds of the 
lighter (and more active) halogens in the upper row. In the right- 
hand upper part of the table are given therefore compounds of light, 
active halogens with heavy, inactive metals ; in these the influence of 
the halogens might be expected to predominate. In the left-hand 
lower corner are given compounds of light, active metals with heavy, 
inactive halogens ; in these the metal component might be expected 
to predominate. 

Now some of these substances repel the Paramecia in any effective 
concentration ; that is, they produce the motor reaction which results 
in carrying the Paramecia outside of their influence ; these we may 
call the repellent substances. Others when weak do not cause the 
motor reaction when the Paramecia enter them, but when the animals 
attempt to swim out of the drop into the surrounding water the motor 
reaction occurs, and the Paramecia return into the drop. They thus 
form collections either within such drops or surrounding them in a 
close ring, — in the manner described in I, p. 269. These we may 
call attractive substances. 

All the attractive compounds in the above table are underscored ; 
those not underscored are repellent. It will be seen, first, that all the 
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acids or hydrogen compounds of the halogens are attractive, the 
hydroxides, or hydroxyl compounds of the metals repellent. Further, 
that all the compounds of the lightest, most active halogen (fluorine) 
are attractive. Of the next lightest, chlorine, three salts are attract- 
ive and two repellent. Of the heaviest, most inactive halogen, iodine, 
all the salts studied are repellent. Of the lightest, most active metal, 
lithium, all the salts tested are repellent, and the number of repellent 
salts decreases as we pass toward the heavier metals. Thus the com- 
pounds of light, active metals with heavy, inactive halogens are repel- 
lent; those of light, active halogens with heavy, inactive metals are 
attractive. A diagonal line can therefore be drawn, as shown in the 
table, from the upper left hand to the lower right hand, separating 
all the attractive substances on the right from all the purely repellent 
substances on the left. 

It thus appears that the Paramecia react to these compounds with 
relation to the elements of which they are composed. The metal 
components tend to repel the Paramecia ; the halogen components 
to attract them. The acids of the halogens, in which the halogen 
may be presumed to give character to the compound almost alone, 
do not repel except in such solutions as to be immediately destructive, 
as previously discussed. The hydroxides, or bases, in which the 
metals give the character to the compound, are repellent in any solu- 
tion strong enough to produce any effect whatsoever. Those com- 
pounds which are partly metal and partly halogen are attractive or 
repellent in accordance with whichever one is the predominant 
element. 

The same conclusion is reached by a study of the exact method of 
behavior of the Paramecia toward the substances above classed as 
attractive. Toward these compounds the infusoria are as a rule 
both attracted and repelled. As just stated the acids are purely at- 
tractive, the bases purely repellent. Toward potassium fluoride, in 
which the halogen component is so active as to attack glass even in 
this salt, the animals react as toward a pure acid. Toward sodium 
fluoride, in which the fluorine is so bound by the sodium that the two 
produce a comparatively inactive salt, the Paramecia are both strongly 
attracted and strongly repelled. When a drop of one per cent sodium 
fluoride solution, for example, is introduced into a slide of Paramecia, 
it will soon be found that the animals have gathered in a dense ring 
about the drop, leaving its centre entirely free. In this ring they 
swim back and forth, giving the motor reaction whenever they come 



368 H. S. Jennings, 

to the inner side of the ring, where the stronger sodium fluoride Is, or 
when they come to the outer side of the ring, where pure water is. 
Sodium fluoride thus gives a striking example of apparently positive 
and negative chemotaxis to the same substance. Of compounds 
outside the group at present under consideration, potassium and 
ammonium bichromate and potassium ferricyanide show precisely the 
same phenomena. 

The other salts classified in the table as attractive show the same 
phenomena as sodium fluoride, except that the attraction is less 
strong and the repulsion stronger. The Paramecia gather in a nar- 
row ring about them, and this ring contains at a given time compar- 
atively few individuals, though enough to make the ring evident as a 
rather sharply defined white line around the drop. If the individuals 
constituting this ring are closely observed, it becomes evident that 
the motor reaction is set strongly in operation when they come to 
the inner boundary of the ring, where the stronger solution of the 
salt is found, and much less strongly when they come to the outer 
boundary, against the ordinary water. Thus many individuals re- 
main in the ring but a short time, finally crossing the outer boundary 
and escaping, so that the ring does not increase continually in num- 
bers and size, as it does in the case of sodium fluoride ; it consists of 
changing individuals, each one being detained usually but a short 
time. In some of the salts the ring thus formed is almost evanescent : 
for a short time it will be distinct, then almost disappear, then reap- 
pear again. Finally, about the salts which are not underscored in 
the table no ring of Paramecia is ever formed. 

This formation of a ring of greater or less extent about solutions 
of various salts is a very curious phenomenon. The Paramecia are 
evidently thrown into such a condition by a very weak solution of the 
substance that the contact with the surrounding water now acts as a 
shock or stimulus to set the motor reaction in operation, — while this 
motor reaction is also induced by a stronger solution of the same salt, 
such as is found nearer the centre of the drop. In view of the facts 
adduced, it seems apparent that the shock on reaching again the 
outer water is due to the physiological efi*ect of the halogen compo- 
nent, as this shock alone is . produced in compounds in which, as in 
acids and potassium fluoride, the halogen is the element that chiefly 
gives character to the solution. On the other hand, the stimulus due 
to entering the salt itself is a result of the metal component, since 
this stimulus alone is produced in those compounds in which, as in 
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hydroxides (and carbonates) the characteristics of the compound are 
due chiefly to the metal. 

The above results were obtained at Put-in-Bay in a series of about 
1000 tests of the substances in the table. The compounds used were 
tested many times, dissolved both in distilled water and in the same 
water in which the Paramecia were found, with every possible pre- 
caution to secure accuracy, and with uniform results as given above. 
But on continuing the series of experiments at Hanover, N. H., with 
the intention of filling the gaps in the table as above given, different 
results were obtained with the Paramecia of this region for certain of 
the salts. Toward KCl, KBr, RuCl, and CsCl the Paramecia of 
Hanover show only repulsion, without any sign of the formation of a 
ring about them, which was so evident at Put-in-Bay. Toward the 
NaF and KF on the other hand they react exactly as did those at 
Put-in-Bay, forming a ring about the NaF and reacting toward the 
KF as toward an acid. Toward all other members of the above 
table the Hanover Paramecia likewise react exactly as did those at 
Put-in-Bay. This variation is evidently not of a character to modify 
in any way the conclusions to be drawn. The Paramecia at Hanover 
simply fail to show a very faint reaction given by those from Lake 
Erie in the presence of certain substances; they seem therefore 
merely slightly less sensitive; in other respects the reactions are 
similar in all the Paramecia studied. The Paramecia at Put-in-Bay 
were cultivated in lake water containing decaying water plants, 
chiefly Nuphar, Naias, and Ceratophyllum. At Hanover the Para- 
mecia came from cultures of hay, in water from small ponds of 
the neighborhood. Possibly the difference in the culture medium has 
something to do with the difference of reaction in the Paramecia of 
the two regions. 

The reactions toward certain other substances may be stated briefly. 
Toward the carbonates of lithium, sodium, and potassium the reaction 
is the same as toward the hydroxides of these metals. Also toward 
the nitrates of these metals and toward the chlorides and nitrates of 
calcium, strontium, and barium the reaction is of the nature of 
repulsion alone, as toward the iodides, sodium chloride, etc., given 
in the table. Toward salts of the heavy metals, as cupric chloride, 
cupric sulphate, mercuric chloride, zinc chloride, aluminium chloride, 
the Paramecia are attracted, as toward acids. 

From the facts given in the above table and discussion the following 
conclusions may be deduced : — 

24 
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1. The base-forming elements of the alkali and earth alkali groups 
when present in a compound tend to produce the motor reaction in 
Paramecia whenever the animals come in contact with these com- 
pounds, even in very dilute solutions. This may be put in terms of the 
modern theory as follows : the kations of the alkali and earth alkali 
groups have a strong tendency to induce the motor reaction in Para- 
mecia. As a consequence these infusoria are kept from entering such 
solutions even when the solutions are very weak. 

2. The ions of the acid-forming elements, such as the halogens, and 
in fact the anions of all acids, do not themselves tend to cause the 
motor reaction in Paramecia, except when present in such strength 
as to be immediately destructive. On the contrary, they tend to 
throw the Paramecia into such a physiological condition that contact 
with any solution containing no anions produces the motor reaction. 
As a consequence, Paramecia tend to congregate in regions where it 
is mainly the anions that give character to the solution. 

The fact that the same result as for acids is obtained for salts in 
which the anion is much the most powerful component, as in potas- 
sium fluoride, shows of course that the results with acids are not due 
to the hydrogen ion of the acids. 

3. Compounds that contain both kations of the alkali elements, 
and anions, may give a combination of these results, — a tendency 
to cause the motor reaction (with its reversal of cilia) both when 
the animals enter the solution (due to contact with the kations), and 
when they leave the solution (effect of the anions). In this case the 
Paramecia collect in a ring about a drop of the compound. 

4. Salts that contain the relatively inactive kations of one of 
the heavy metals, as aluminium, copper, zinc, mercury, produce an 
effect due only to the anion, hence their effect is like that of an 
acid. 

These conclusions in regard to the different effects of the anions 
and kations on the motor reactions of Paramecium certainly seem 
to invite a discussion of the relation of the activities of the ions dur- 
ing the passage of an electric current through a solution to the move- 
ments of the Paramecia under the same conditions. As is well known, 
when a continued current is passed through the water containing 
Paramecia, they all swim with one accord to the kathode, — thus in 
the same direction as that in which the metallic ions are moving. It 
is difficult to resist the impression that there must be some such rela- 
tion between the movements of these ions and the movements of 
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the organisms as has been suggested by Loeb and Budgett.^ Yet a 
discussion of this matter will hardly lead to valuable results until it 
can be accompanied by a careful re-examination of the phenomena 
of electrotaxis, with especial reference to the relation of the electrotac- 
tic movements to the general motor reaction of Paramecium described 
in the second of these Studies. We possess already a detailed account 
of the movements of the cilia in electrotaxis, due to Ludloff,^ but these 
observations, as well as my own observations on electrotaxis, pub- 
lished in I, were made before the general plan of the motor reactions 
of Paramecium was known, so that a re-examination might lead to the 
discovery of facts of fundamental significance. 

4. Relative Repellent Power of Related Substances. 

In the first part of this paper I have shown that with relation to 
their action upon Paramecium, chemical substances are divisible into 
two classes, in one of which the repellent power is very great in pro- 
portion to the injurious effects, while in the other class such slight 
repellent power as exists is due directly to injuries caused. In this 
latter class a quantitative study of the relative repellent powers of the 
different members shows of course that the power of setting in oper- 
ation the motor reaction of Paramecium is in a general way propor- 
tional to the injuriousness of the solutions. But to what factor are 
the relative repellent powers among themselves in the members of 
the /r5/ group due? I have already shown that the relative repellent 
power of members of the first group, as compared with that of mem- 
bers of the second group, is due to the presence in preponderating 
amounts of some metal of the alkali or earth alkali series. But this 
leaves untouched the question of the relative repellent powers of 
members of the first group among themselves. For example, will 
sodium chloride be more or less repellent than potassium chloride, 
and why? 

On the question of the relative repellent powers of different mem- 
bers of this group much labor was spent, with rather unsatisfactory 
resuhs. This is due to the fact that the different compounds have 
specifically different ways of affecting the Paramecia, some modifying 
the general motor reaction in one way, some in another, — although 
never changing the essential character of the reaction. This is a 
matter worthy of special study. Chemotaxis is a complex pheno- 

^ Loeb and Budgett : Archiv f. d. ges. Physiol., 1897, Ixv, p. 518. 
* LUDLOFF : Ibid,^ 1895, lix, p. 525. 
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menon, the motion to or from a substance being the indirect resultant 
of the specific physiological effects of this substance upon the different 
phases of the motor reaction. These specific physiological effects are 
therefore the primary phenomena. This fact was not recognized at 
the time my work was done, so that full records were not made on 
these points. On a few substances observations were made, which I 
will give here as examples. As shown in II, the typical motgr reac- 
tion is as follows : ( i ) the cilia are reversed, causing the Paramecia 
to swim backward; (2) the aboral cilia of the anterior half of the 
body strike transversely toward the oral side, turning the animal 
toward the aboral side; (3) the cilia all strike backward as at first, 
carrying the animal forward over a path which lies at an angle to the 
original path. This reaction is given in characteristic form when the 
animal comes in contact with a weak alkali ; all the parts are fairly 
though not excessively pronounced. On coming in contact with a 
strong acid solution, the Paramecia dart furiously backward a long 
distance. Then they turn and dart furiously forward, so that they 
often thus rush directly into the drop of acid, and perish. If their 
course after turning, however, tends to carry them away from the acid, 
when they strike the water into which no acid has diffused they react 
again by reversing and turning, — showing that the acid has put 
them into a peculiar physiological condition. Some acid substances 
cause the reaction with certain of its typical features nearly or quite 
suppressed. Thus when the animals swimming forward come in con- 
tact with diffusing mercuric chloride, they dart straight backward, 
the anterior end being curved a little to one side; at the same 
time the body begins to swell. Then they start straight forward 
again, the turning usually being nearly or quite omitted. Paramecia 
which come in contact with a dropoff per cent calcium chloride 
solution while swimming forward, pass in without hesitation, but 
are excited and the forward course is hurried, so that they soon pass 
out. They thus never remain quiet in the calcium chloride, and as 
a result it remains nearly empty, the Paramecia gradually settling 
down elsewhere. Yet one cannot say that the calcium chloride repels 
the animals; it merely excites them, without causing even a change 
in the direction of motion. Paramecia introduced directly into 2 
per cent barium nitrate solution are paralyzed instantly. But in three 
or four minutes they revive, and swim slowly about. In 2 per cent 
calcium nitrate solution, on the other hand, they are at once violently 
excited, swimming forward and backward swiftly. In solution of 
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strontium nitrate they are likewise excited, but much less so. In 
I per cent sodium bromide and sodium iodide they first dart back- 
ward, then turn, then swim forward, then backward again, — repeating 
the entire typical motor reaction many times. By i per cent potas- 
sium iodide each part of the motor reaction is almost indefinitely 
prolonged ; they swim backward perhaps ten minutes at a time, then 
they turn toward the aboral side, and keep on turning, whirling thus 
on the short axis for twenty minutes or more. In 10 per cent solu- 
tion of cane sugar they at first give no reaction ; gradually as plas- 
molysis occurs they begin to swim backward, then turn, then swim 
forward, repeating this, as in sodium bromide solution. It will readily 
be seen in view of these peculiarities in reaction, that it is not always 
possible to classify the conduct of the Paramecia at once into the two 
categories of attraction and repulsion. 

Moreover, toward many compounds there exist great individual 
differences among the Paramecia as to the reaction given ; at times 
a few individuals will swim directly into a solution, while the rest 
leave it empty. There is thus no absolute criterion for determining 
at what strength the repulsion of a solution really ceases. Moreover, 
the sensitiveness of the Paramecia to solutions of different strength 
of a given substance seems to vary according to something like 
Weber's law, — so that the least observable differences in reaction 
are between that due to a solution of given strength, and that due to 
a solution of twice this strength. It is often difficult to determine, 
for example, whether the repellent power of a substance ceases at 
A or ^ per cent ; but upon this decision may depend our conclu- 
sion as to which of two substances shows the greater repellent power. 

The following results upon certain salts are, however, based upon a 
very large number of experiments, and so far as they go, may be 
given with confidence. The method of experiment was that already 
described, the two substances being compared always under exactly 
similar conditions in all respects, by introducing a drop of each 
beneath the cover-glass of the same slide of Paramecia. A special 
study was made in this way of the halogen salts of the alkali metals, 
— the chlorides, bromides, and iodides of lithium, sodium, potassium, 
rubidium, and ammonium, together with the chloride of caesium. 
This study was made at Hanover, and therefore upon Paramecia that 
were repelled by all these salts, so that the repulsion was not confused 
with any accompanying attraction. 

As explained in connection with certain similar results given in I, 
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it is not possible to give a figure which shall represent in a general 
way the weakest concentration of any one of these substances that 
causes repulsion in the Paramecia, on account of the very great 
variation in the reaction of Paramecia from different cultures and 
under different conditions. For example, on testing Paramecia 
from two different cultures at the same time, it was found that those 
from one culture were decidedly sensitive to lithium chloride in a 
iV per cent solution, leaving a drop of this strength empty for a long 
time, while those from the other culture were quite indifferent to the 
same chemical even in a strength sixteen times as great, swimming 
in and out of a drop of f per cent solution of lithium chloride with- 
out reaction. But the relative sensitiveness of Paramecia to two or 
more different chemicals seems to remain fairly constant, so that the 
order of sensitiveness to different chemicals can be determined. I 
give therefore the order of sensitiveness to the different metal com- 
pounds of each halogen, — the test of sensitiveness being the relative 
strength of solution of the different substances that causes repulsion. 

For the chlorides the order is as follows, beginning with the most 
repellent: LiCl, KCl, NaCl, RuCl, CsCl. That is, the repellent 
po^ver decreases as the atomic weight of the metal component in- 
creases, except that the sodium compound is moved down one 
place, being less repellent than the compound of the heavier potas- 
sium. The weakest repellent solution varies from about -^ per cent 
in the lithium chloride to about J per cent in the chloride of caesium. 

For the bromides the order is, beginning with the most repellent, 
LiBr, KBr, NaBr, RuBr; for the iodides Lil, KI, Nal, Rul. In these 
two sets of salts the order is thus the same as for the chlorides. In 
general, therefore, the repellent powers of the halogen salts of the 
alkali metals varies inversely with the atomic weight of the metal 
components, except that in each case the sodium compound is less 
repellent than the heavier potassium compound. The ammonium 
salts were found in each case to possess almost exactly the same 
repellent power as the corresponding salts of potassium. 

Neglecting for the moment the inverted order in the potassium 
and sodium salts, two causes suggest themselves for the inverse 
proportion between the repellent power and atomic weights of the 
elements. The halogen component remaining the same throughout 
a given series, the molecular weights of the salts of course increase 
with the atomic weights of the metal components. Hence the less 
repellent compounds have the greater molecular weight, so that a 
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solution of given strength by weight of one of these salts contains 
fewer molecules than does the corresponding solution of one of the 
lighter salts. Supposing the molecules to have throughout the same 
repellent power, the solution of the lighter salt, containing more 
molecules, will of course be more repellent. A second cause may 
be the usual greater chemical activity of lighter elements. If both 
these causes are efficient factors, they of course reinforce each other 
in the series above given. The reason for the anomalous position of 
the sodium salts, as weaker than the potassium salts, does not appear. 

On comparing the series of the different halogen salts of a given 
metal, as NaCl, NaBr, Nal, I have found it impossible, in spite of 
much labor directed upon this point, to determine satisfactorily the 
relative repellent powers. Apparently the three salts have almost 
exactly equal repellent powers, and many sets of experiments upon 
the corresponding series for each of the four metals, lithium, so- 
dium, potassium, and rubidium, have not made it possible to differ- 
entiate them. In every case the repulsion was very nearly equal for 
all, and the slight differences observed in one set of experiments did 
not hold for the next. It is evident that the two factors given above 
as possibly reinforcing each other in causing the greater repellent 
power in the lighter salts of the metal series of a single halogen, would, 
in the halogen series of a single metal, work in opposite directions. 
The greater number of molecules in the lighter compounds (as of 
chlorine) would tend to produce greater repulsion. But the greater 
chemical activity of the lighter chlorine component would tend to 
neutralize the effect of the metal component, to which alone the 
repulsion is due. Possibly it is to this interference that the approxi- 
mately equal repellent power of the chlorides, bromides, and iodides 
of a given alkali metal is due. 

Much time was spent on a similar quantitative study of the nitrates 
of the alkali metals and of the earth alkali metals, but without clearly 
defined results. The different nitrates have specifically different 
effects on the Paramecia ; the repellent power is the resultant of sev- 
eral factors, any one of which may vary independently of the others. 
Thus the phenomena differ in the different salts, and there is no 
certain criterion for comparing the repellent powers of two salts having 
different specific physiological effects. 

The above somewhat fragmentary and partially negative results of 
quantitative studies are given, not only because the data obtained are 
of themselves of some value, but also because it is of importance to 



376 H. S. Jennings. 

show which lines of investigation promise to be fruitful and which do 
not. This method of study has thrown chiefly a negative light upon 
chemotaxis, — showing what it is not. The evidence that chemotaxis 
is not a direct simple phenomenon, due to simple forces of attraction 
and repulsion, is in itself of importance. 

The foregoing study of laws of chemotaxis in Paramecium, while it 
is believed to contain some results that are new and significant, is not 
put forth as in any sense exhaustive. Certain laws came forth clearly, 
while certain lines of investigation proved comparatively unfrflitful ; 
these I have set forth for the positive value of the one and the nega- 
tive value of the other. The work has been done chiefly on inorganic 
compounds ; almost the whole field of organic compounds remains to 
be examined. Certain facts in the reactions toward inorganic sub- 
stances remain at present isolated, not falling under any of the gen- 
eral laws above given ; thus certain experiments seem to show that 
there is a strong repulsion exhibited toward iodine, bromine, and 
chlorine when uncombined, — though in the ionic condition these 
elements are purely attractive. The effect of metals other than the 
alkalies and alkaline earths, when uncombined with a strong acid, is 
of interest, and has not been determined. Finally, an examination of 
the specific physiological effects of chemical compounds on the differ- 
ent parts of the motor reaction, as well as on the substance and the 
general functions of the animals, would be of fundamental value. 
Such a study would not be directed purely upon one aspect, as upon 
repulsion and attraction, which are really the resultant of complex fac- 
tors, but should have in view any change produced by the substances 
studied 

Summary and Conclusions. 

In the introduction to the first of the Studies of which this is the 
fourth, the program for work was given as the investigation of the life 
activities of a single unicellular organism as completely as possible, in 
the hope that when such a study should have been carried to some 
degree of completeness, it should furnish a key to the understanding 
of the activities of other organisms, and should throw light on the 
essential nature of chemotaxis and similar phenomena. The investi- 
gation of the activities of Paramecium thus begun is far from being 
complete, yet I believe it may be said that the results thus far gained 
have already justified the plan of work. The mechanism of attrac- 
tions and repulsions has been made out, and the third paper of the 
series shows that this furnishes at once a key to the understanding of 
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the activities of certain other infusoria (Spirostomum and Stentor). 
Studies now in progress show that it throws equal h'ght upon the 
activities of other, more distantly related, organisms. All the Studies 
thus far published have dealt more or less with chemotaxis, and in 
concluding the present paper upon that subject, it will be well to 
summarize in the form of brief statements the important conclusions 
\Ti regard to the phenomena which have gone under this name, draw- 
ing upon the previous Studies as well as the present one for this pur- 
pose and emphasizing some important points which have not been 
emphasized elsewhere. 

1. The motor reaction by means of which chemotaxis is brought 
about is identical with that produced by mechanical shock or any 
other stimulus, so that chemotaxis is not an activity differing /;/ kind 
from others. This motor reaction is as follows: the animal swims 
backward, turns toward one side which is structurally defined (the 
aboral in Paramecium), then swims forward. 

2. This motor reaction is the same, whatever the position of the 
chemical or other stimulus, or the part of the body of the animal that 
it acts upon, so that the same chemical which when acting on the 
anterior end of the animal causes it to move away, causes it when act- 
ing upon the posterior end to approach. The direction of motion 
has no relation to the localization of the stimulus. The usual relation 
of the direction of motion to the position of the stimulus depends 
upon the fact that owing to the forward motion, stimulation almost 
universally occurs at the anterior end. 

3. Negative chemotaxis or repulsion toward any substance is due 
merely to the fact that this substance sets in operation the one motor 
reaction above described. The Paramecium then does not come to 
rest until the random movements thus caused have carried it by 
chance, as they must in time, into a region containing none of the 
substance which causes the motor reaction. 

4. Different chemicals have different specific effects upon the 
various component parts of the above reaction ; one part may be 
intensified or weakened, while other parts are modified in some dif- 
ferent way. The motion to or from the chemical is the resultant of 
these specific effects taken together. The direction of motion, 
known as positive or negative chemotaxis, is therefore a complex 
phenomenon, resulting indirectly from various factors. 

5. Paramecia are nearest the quiet condition when in a weakly 
acid solution. Paramecia at rest under normal conditions are in such 
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a weakly acid solution, due to the carbon dioxide in the water, pro- 
duced by themselves. 

6. When Paramecia in such a weakly acid solution come in contact 
with a solution containing no acid, the motor reaction (with its re- 
versal of cilia) is produced, so that the Paramecia do not pass out of 
the acid solution. 

7. On passing from a neutral solution to a weakly acid solution no 
reaction is caused, but if now the Paramecium attempts to pass back 
again out of the acid solution, the reaction is produced (as in 6), so 
that the animal remains in the acid solution. The acid thus changes 
the physiological condition of the Paramecium, so that it now reacts 
to the neutral fluid. 

8. The anions or acid ions present in salts tend to throw the 
Paramecia into the same physiological condition as the pure acid, so 
that the Paramecia afterward react when they come in contact with a 
fluid not containing these ions. 

9. It results from 5, 6, 7, and 8 that Paramecia collect in splutions 
having a weakly acid reaction, or in solutions of salts in which the 
anion is especially active. Thus the so-called positive chemotaxis of 
Paramecium is brought about. The positive chemotaxis toward 
certain nutritive fluids, such as meat extract, is due to the acid reaction 
of the latter, not to its nutritive value. 

10. Alkaline solutions and solutions of salts containing the kations 
of the alkali metals or of the earth alkali metals produce in a marked 
degree the motor reactions of Paramecium. As a result the Paramecia 
do not come to rest until their random movements have brought them 
into a solution which does not contain a large proportion of these 
ions. Thus the apparently negative chemotaxis of Paramecia toward 
these substances is brought about. In a series of salts of any one of 
the halogens with the different alkali metals, the power of producing 
the motor reaction (and hence the repellent power) decreases as the 
atomic weight increases, except that potassium salts are throughout 
more repellent than the lighter sodium salts. 

11. In solutions of salts containing the kation of a strong alkali 
metal, as well as a powerful anion, as of fluorine or chlorine, both of 
the ions may act on the Paramecia, — the former causing the motor 
reaction when the Paramecium attempts to enter the solution, the 
latter when it attempts to leave it. In this case the Paramecia gather 
in a ring in the outer margin of a drop of the solution and are ap- 
parently both repelled and attracted by it. 
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12. The chief factor causing the motor reaction which results in 
negative chemotaxis is not the injuriousness of the substance, but is 
of a chemical nature. Two substances of equally injurious properties 
have by no means equal repellent powers, but those which are alkaline 
or contain kations of the alkali or earth alkali elements are much more 
repellent than most others, without regard to injurious effects. 

13. Nevertheless, any substance which directly and severely injures 
the Paramecia does thereby cause a motor reaction. But this reaction 
is not produced till the injury has occurred and it is too late to save 
the Paramecia. They therefore swarm into chemical substances of 
certain sorts by which they are immediately killed. 

14. It is therefore possible to distinguish ( i) reactions due purely 
to the chemical nature of the substance, the reacting Paramecia being 
entirely unharmed, and (2) reactions due purely to the injury pro- 
duced by the substance, without regard to its chemical nature. Re- 
actions of the latter class are not sufficiently precise to be protective. 

The investigation of which the results are presented in the fore- 
going paper was pursued in the Laboratory of the United States Fish 
Commission for the Biological Survey of the Great Lakes, at Put-in- 
Bay, Ohio, in the summer of 1898, and continued at Dartmouth Col- 
lege during the following autumn. I desire to express my sincere 
thanks to the officials of the U. S. Fish Commission and to Professor 
J. E. Reighard, Director of the Survey, for courtesy and assistance in 
every way during the progress of the work. 
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I. Introduction. 

IN the second of these Studies ^ I have described the mechanism of 
the motor reactions to external stimuli in the ciliate infusorian 
Paramecium caudatum. As there set forth, this animal has a fixed 
form of motor reaction to stimuli of all classes, which, expressed in 
general terms, is as follows : When unstimulated the animal swims 
with a certain structurally defined end (the "anterior") in front. 

1 Scientific Results of a Biological Survey of the Great Lakes, directed by 
Jacob Rei^hard. under the auspices of the U. S. Fish Commission, No. V. (Pub- 
lished by permission of the Hon. George M. Bowers, Commissioner of Fisheries.) 

* Jennings: Studies, etc., II. On the Mechanism of the Motor Reactions of 
Paramecium, this journal, 1899, ii, pp. 31 1-341. 
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When stimulated motion takes place with another (the "posterior") 
structurally defined end in front, followed by turning toward one side 
which is structurally defined and invariable (the aboral in Parame- 
cium), — finally succeeded by motion with the same end in front as at 
first. As thus expressed, the direction of motion after a stimulus has 
no relation to the nature or the position of the stimulating agent. 

This method of reaction has a fundamental bearing on the inter- 
pretation of the life phenomena of these creatures, and the question 
is an important one as to how widespread such a style of reaction 
is among unicellular organisms. In the third of these Studies,^ 
an account is given of the reaction methods of the ciliate infusoria 
Spirostomum ambiguum and Stentor polymorphus, in which it is 
shown that these animals react in essentially the same manner as 
Paramecium. Owing to the larger size of these animals, it was pos- 
sible to localize the action of stimuli very precisely, so that, especially 
with Spirostomum, even more sharply defined results were obtained 
than with Paramecium. It was found (i) that Spirostomum reacts to 
both chemical and mechanical stimuli, whether applied to the posterior 
endy the anterior end^ or the side, by swimming backward (followed by 
turning) ; (2) that the turning is always toward the aboral side, 
whether the stimulus occurs at the anterior end, the posterior end, 
the oral side, or the aboral side. All relation of the direction of motion 
to the localization of the stimulus seems thus excluded. 

I have since made a study of the reactions of a considerable num- 
ber of other Protozoa, representing various groups of the Flagellata 
and Ciliata, bringing out thus the more widely distributed reaction 
methods among these animals, as well as discovering for certain 
Protozoa modifications in important points of the general reaction 
method described in the two papers above referred to. The results 
of this study are given in the present paper. 

It will be well to define sharply the main questions to which, in the 
study of a given Protozoon, answers are desired. These are as 
follows : — 

1. Has the given Protozoon a. fixed formula for motor reactions, 
similar to that of Paramecium ? 

2. After stimulation, does the organism always turn toward a 
certain structurally defined side, without regard to the nature or 
position of the stimulus ? 

3. After stimulation does the organism always move, before turn- 

^ Jennings : American naturalist, 1899, xxxiii, pp. 373-389. 
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ing, toward a certain structurally defined end (the " posterior ") with- 
out regard to the nature or position of the stimulus ? 

These questions will serve as directives for the observations and 
experiments, which will not however be in any way limited by them. 
I give first a detailed account of the reaction methods of the different 
Protozoa studied, arranging them according to the groups to which the 
animals belong. This is followed by an analysis and summary of the 
observations, showing the variations in the motor reactions among 
the different Protozoa, and giving as far as possible the answers to the 
questions proposed above, as well as other general conclusions to be 
deduced from the facts presented. 

II. Flagellata. 

The majority of the members of this group are very small and with- 
out striking differentiations of structure. It is therefore in most cases 
very difficult to determine whether the direction of motion after stim- 
ulation does or does not have any fixed relation to structural features 
of the animal's body. A study was made of the reactions of a few 
species, the results of which are presented herewith. 

Chilomonas Paramecium Ehr. — Description, — Chilomonas Parame- 
cium (Fig. i) is a minute Flagellate which can always be procured in 
practically unlimited numbers by allowing aquatic 
vegetation to decay in water. In cultures of this 
sort Chilomonas is one of the first forms to appear : 
it is often present in such multitudes as to give the 
water a milky appearance. The great abundance 
in which it can be procured at any time make it 
a most favorable species for experimental studies 
on the Flagellata. The animal is of an irregularly 
oblong form, compressed sideways. One end (the 
" anterior ") is usually broader than the other, and 
bears a shallow notch lying bet^veen two *' lips." figure i. Chilo- 
One of these lips (the "dorsal") is much larger monas Paramecium 
and more prominent than the other, so that the ^^^^j.' ^^u^ts^hii!' a' 
anterior end presents the appearance of being ob- anterior end ; /, 

liquely truncate with a notch in the truncate border. posterior end ; d, 
T^ - , . , 111 «. . dorsal side; r, ven- 

From the notch, just beneath the larger lip, arise tral side. 

the two flagella, each of about the same length as 
the animal's body. The body is sometimes slightly curved, the con- 
cavity of the curve being on the so-called dorsal side. All these 
relations are shown in Fig. i. 
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Movements, — If a large number of specimens of Chilomonas are 
mounted and observed under the microscope, they will be seen at 
first to dart swiftly through the water, — so swiftly that the eye can 
with difficulty follow them. Some individuals soon come suddenly 
to rest : others follow, and after a time nearJy all the animals are rest- 
ing against the substratum, beginning movement again only when 
stimulated. When at rest, Chilomonas is attached by one of its 
flagella, which is thrown in a coil on the surface of the substratum, 
while the other may or may not retain a vibratory motion. 

More exact observation of the movement brings out the following 
points. Chilomonas as it swims forward revolves on its long axis in 
such a way as to describe a path which is a spiral of some width. 
By introducing the animals into a gelatine solution, so as to compel 
them to move very slowly, it can be observed that the position of the 
body bears a constant relation to the axis of the spiral, the lower 
or smaller lip being always directed toward the outside of the spiral. 

Reactions to stimuli, — (i) If to the quiet Chilomonas the faintest 
possible stimulus be given, as by gently agitating the water, or in any 
way loosing its hold on the glass, it merely resumes its usual motion, 
already described. In a certain sense this usual forward motion may 
then be considered (taking the resting individual as a starting point) 
as a reaction to the weakest possible stimulus. The motion seems 
then to be maintained without further stimulus, until the stimulus of 
contact with a solid (thigmotaxis) again induces the resting condition. 
The same facts, in accordance with which the usual motion of the 
animals may be conceived as (at first) a reaction to a weak stimulus, 
exist in the case of all the organisms studied, and will not be especially 
mentioned for each. It is usually very difficult to give the resting 
individual so weak a stimulus as to induce at first only the usual 
forward motion : as a rule the reaction takes the form to be described 
immediately. 

(2) If now the swimming or resting Chilomonads be stimulated 
beyond this faintest degree, as by jarring the preparation strongly 
(mechanical stimulus), by letting the swimming animals come in 
contact with a diffusing chemical, or dropping them directly into 
a solution of some chemical (chemical stimulus), reaction takes 
place as follows. The animals dart swiftly backward^ then ttmi side- 
ways toivard the smaller lip, then swim forward in the new path thus 
determined by the position of the smaller lip. At the moment of 
turning toward the smaller lip, the flagella, or at least one of them, 
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are turned toward the dorsal side, over the upper lip, as indicated in 
Fig. 2. 

The point of essential importance here is of course the fact that 
the animals always turn when stimulated toward the smaller lip, 
without regard to the nature of the source of stimulus or its position. 
This is easily seen when the Chilomonads are examined in the 
thickened gelatine solution, in which all their motions are slow; 
it is much less easily made out in the animals swimming freely in 
water, though in all cases observed in which it was possible to 
determine under these conditions in which direction the animal 
turned, it was evident that this was toward the lower lip. 

The method of reaction is very easily observed under the following 
conditions. A drop of water containing the animals is spread out 
in a thin layer on a slide and is left uncovered. The animals in this 
thin layer of water may then be watched with the high power of the 
microscope. As the water evaporates, the partial desiccation of the 
individuals near the edge of the drop acts as a stimulus ; they dart 
backward, turn toward the smaller lip, swim forward, and repeat the 
operation indefinitely. At this time the layer of water has become 
so thin that the animals can swim in only one plane and are forced 
to lie upon one side ; it is therefore at once apparent in which direc- 
tion they turn, — in every case toward the smaller lip. 

As in the case of Paramecium, the different parts of the reaction 
may be modified in intensity and duration by different conditions. 
Chilomonas usually swims backward only a short distance, but the 
distance thus travelled varies somewhat with the intensity of the 
stimulus, being greater with a powerful stimulus. As the animal 
swims backward it usually does not revolve at the same time on its 
long axis, though in the more extensive backward excursions it may 
do so. The amount through which the animal turns is very variable ; 
with a faint stimulus there is a turn of but a few degrees toward the 
lower lip, while with a powerful stimulus, as when the animals are 
dropped directly into a strong chemical, or partially desiccated in the 
manner described, they may whirl about so as to describe a circle 
several times. When dropped into a weak solution of sodium 
chloride the entire reaction is repeated many times, — until finally 
the turning prevails over the other features, and the animals whirl 
about until they die. 

When a Chilomonas swimming forward comes in contact with the 
edge of a drop of some diffusing chemical, as \ per cent sodium 
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chloride, the reaction is given as above described, — the Chilomonas 
after reaction of course continuing to swim forward in a new direc- 
tion. If this new direction, as frequently happens, again brings 
the animal against the edge of the drop, the reaction is repeated, and 
this repetition is continued until in accordance with the laws of 
chance, the animal's movement becomes so directed as not to carry 
it against the edge of the drop. These relations are identical with 
those described in the second of these Studies for Paramecium. 

If a crystal of sodium chloride is placed against the edge of a 
cover-glass beneath which are large numbers of Chilomonads, as the 

diffusing salt passes under 
the cover-glass the follow- 
ing effects are observed. 
The Chilomonads affected 
all swim backward at once. 
Those whose anterior ends 
are directed away from the 

advancing salt solution, 
Figure 2. Motor reflex of Chilomonas. The arrows • • i_ 1 j 

,,.,.,. ^ , ,., ,, swimmme backward, pass 

show the direction of movement, while the num- . ^ \ 

bers show the successive positions taken. directly into the solution, 

and are killed. Those with 
anterior ends directed toward the crystal of sodium chloride, likewise 
swimming backward, move away from the diffusing chemical and 
therefore escape. Those with the body axis in intermediate direc- 
tions, swimming backward, move obliquely with reference to the 
position of the advancing salt solution ; some thus escape, while 
others are killed. The direction of motion bears no relation to the 
position of the source of stimulus, — the stimulated animals all swim- 
ming (at first) simply backward. 

The typical motor reflex in this animal may then be expressed as 
follows : Chilomonas when stimulated swims backward, turns toward 
its lower lip, then swims forward in the direction thus determined. 
The typical motor reflex of Chilomonas is shown in Fig. 2. 

A comparison of the facts above given as to the movements of 
Chilomonas with those detailed in the second of these Studies for 
Paramecium reveals a complete agreement in all essential points 
between the motor reactions of the two, — the one a Flagellate, the 
other a Ciliate. 

Euglena viridlB Bhr. — Description, — The well-known form Euglena 
viridis (Fig, 3) is an elongated, somewhat fusiform creature, exceed- 



Reaciians to Stimuli in Unicellular Organisms ^ 235 

ingly flexible, and variable in shape. One end (the ** posterior ") is 
pointed; the other (the *' anterior ") is somewhat obliquely truncate, 
there being, as in Chiiomonas, a larger and a smaller lip, with a 
notch between them. From this notch or mouth projects a single 
long flagellum. Just behind the larger lip and a little to the left of 
it lies a red eye-spot. 

Moicments. — When in undisturbed motion Euglena swims forward, 
revolving on its long axis and describing a slender spiral, 

Rsictions io stimuli. — When Euglena thus swimming is given a 
weak stimulus, as by its coming in contact with a drop of some weak 
chemical, or by a me- 
chanical jar to the 
preparation, it turns 
timard the larger lip^ 
then keeps on the 
course so laid out un- 
disturbed. Euglena 
never swims back- 
ward under any cir- ^ „ , - -j* i-u f. t- * 

■^ FicuRE 3. Euglena tmais EhT,» after Kent ii, ameno? 

Cumstances, so far as end ; /. posterior end. 

observed. If the 

stimulus is a little stronger, the creature may stop for a moment 
before turning. If the stimulus is still stronger, the Euglena con- 
tinues turning, so that it frequently revolves thus for a long timCp 
toward the larger lip, without any forward motion at all. If the 
stimulus continues, the whirling Euglena gradually takes a spheri- 
cal form, the motion ceases, and the creature proceeds to encyst 
itself. To any very strong stimulus the only response is the im- 
mediate assumption of a spherical form and prompt preparation for 
encystment. This occurs when the creatures are introduced into a 
chemical solution, as of NaCl, KI, etc., or when allowed to dry on 
the slide. 

The motor reaction of Euglena consists then in simply turning 
toward the larger lip. Further reaction takes the form of preparation 
for encystnncnt. 

In this case then, as in those previously described, the direction 
of motion after a stimulus is determined by structural differentiations 
of the body, not by the position of the stimulating agent. 

Other Bugleaidse. — Several other species of Euglena are common 
in fresh water ; of these Euglena spirogyra and Euglena oxyuris 
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were studied. These creatures are much more sluggish than Euglena 
viridis, moving only very slowly and lying quiet on the substratum 
for long periods ; they seem much more vegetable than animal in 
their nature. In these creatures no definite motor reaction to a 
stimulus could be observed. When stimulated they either do not 
react at all, or simply assume the spherical form and make prepara- 
tions for encystment. 

In several species of Phacus and certain other green Flagellates 
no definite motor reaction plan could be made out ; these organisms 
are worthy of further study in this connection. 

In these Flagellata we have therefore a gradation in the complexity 
of the motor reaction to a stimulus. In Chilomonas we find all the 
features exhibited by Paramecium, — the swimming backward, turn- 
ing toward one side, and again swimming forward ; continued or 
severe stimulus causing repetitions of the reaction. In Euglena 
viridis the swimming backward is omitted, the creature merely turn- 
ing toward one side when stimulated ; continued or severe stimulus 
induces encystment. In Euglena spirogyra and E. oxyuris even the 
turning is omitted, there being little or no response to the stimulus 
but immediate preparation for encystment. 

III. CiLIATA. 

Aw Holotricha : Paramecium oaudatum Ehr. — An extended account 
of the motor reactions of this animal has been given in the first, 
second, and fourth ^ of these Studies.^ For our present purpose the 

1 Jennings : This journal, 1899, ii, pp 355-379. 

* The results given in section 3 of the fourth of my Studies (this Journal, 1899, 
ii,pp. 363-371) on the Relation of Chemotaxis to Chemical Composition in Parame- 
cium require modification, owing to a chemical misinterpretation as to the factors 
which give solutions their characteristic properties. My discussion was based on 
the old ideas that the acid properties of solutions are due to the " acid radicals," 
the alkaline properties to the metal components. But modern chemistry has 
shown that the characteristic properties of acids are due to the hydrogen ions 
contained ; of alkalies to the hydroxyl ions. This requires changes in my discus- 
sion and conclusions, and renders it probable that little or no significance is to be 
attached to the results as to the attractiveness of certain salts given in Table II, 
page 366 (loc, cit.) ; since, as was stated in that paper on page 369, they are incon- 
stant. The only solutions classified as always attractive in my list on page 362 
that are known not to contain hydrogen ions when pure are those of sodium and 
potassium fluoride, and of potassium permanganate. Tests of the samples of 
these substances used in my experiments have since shown that these, though 
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following statement of previous results is sufficient: Paramecium 
when stimulated swims backward, turns toward its own aboral side, 
and swims forward. 

It is, perhaps, well to call attention again at this point to the fact 
that, taking the resting individual as the starting point, the usual 
straightforward motion may be considered as the simplest form of 
reaction to a very weak stimulus. Such a stimulus may most easily 
be given in the case of Paramecium by gently removing with a fine 
glass spicule the bit of material against which the animal is resting, 
or by a gentle rolling movement separating the Paramecium from 
this bit of material. Thereupon the animal resumes its forward 
course. This forward motion, however, continues long after the 
cessation of the external change which induced it, so that it may be 
proper to speak of the animal swimming forward in the normal 
manner as " unstimulated." 

In addition to details previously given concerning the reactions of 
Paramecium, I wish to add here certain new results, which are of im- 
portance for interpreting the phenomena presented by the reactions 
of this and other unicellular organisms. 

Localized stimuli. — (tf ) Mechanical , — With the new Braus- 
Drliner stereoscopic microscope of Zeiss, it is possible to apply 
localized stimuli to Paramecium, in the manner described in the third 
of these Studies (loc, cit.) for Spirostomum and Stentor. Under the 
Braus-Driiner microscope the Paramecia in a watch-glass are touched 
on various parts of the body with the tip of the finest capillary glass 
rod. By this means it is found that only the anterior end of the 

procured as strictly chemically pure from a reliable firm, were contaminated with 
acid ; after proper purification they were repellent throughout. All the solutions 
in which the Paramecia gather, therefore, contain hydrogen ions, and it is doubt- 
less to these that the (apparently) attractive qualities are due, instead of to the 
anions as stated in the paper. On the other hapd, my conclusion that the strong 
repellent power of other solutions is due to the metal components or kations 
rather than to the OH-ions seems justified, since of the thirty-six substances clas- 
sified as liaving strong repellent powers, all contain such kations, while at most less 
than a dozen contain OH-ions. It is, however, not impossible that OH-ions are 
repellent also. 

In my discussion and conclusions, therefore, wherever an effect was ascribed 
to the anions or acid radicals, it .should be considered due rather to the hydrogen 
ions. Of the fourteen numbered paragraphs in which I have summed up my con- 
clusions in this paper {loc. cit.^ pp. 377-379)» three — paragraphs 8, 9, and 11 —are 
to be modified in accordance with these facts. The other conclusions are not 
modified. 
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animal is markedly sensitive. When touched at the anterior end the 
Paramecium quickly gives the typical reaction previously described. 
But if any other part of the body is touched, the Paramecium does 
not react at all : it may be pushed out of its course, but does not of 
itself change its path in the least, in consequence of the touch. 

It must be remembered, that owing to the minute size of Parame- 
cium, it is impossible to give it a blow of any force ; the creature is 
simply pushed aside by any object touching it, — 
just as a bubble of this size cannot be broken by 
touching it with a rod, in spite of its extreme 
delicacy. It is quite impossible to cut, bruise, or 
otherwise injure Paramecium in this way, so that 
the lack of reaction is doubtless due to the fact 
that the touch is too light to be perceived, except 
when it occurs at the sensitive anterior end. 

{b) Localized chemical stimuli. — For deter- 
mining the effects of localized chemical stimuli, 
a capillary glass rod was coated with the chemi- 
cal to be tested and held near the animals, at one 
end or one side. The chemical then diffuses, 
and the effect when it reaches the animal can 
be noted. It is convenient to use as a stimulus 
some colored chemical, sc that its diffusion can 
be seen; methyl green .'.erves well for this 
purpose. 

Holding the glass rod thus coated with methyl 
green behind a number of Paramecia, all of 
which are resting with their anterior ends placed 
against a solid (thigmotaxis), it is found that as soon as the diffusing 
chemical reaches the animals, coming of course first in contact with 
their posterior ends, they at once swim backward^ — therefore into 
the densest part of the solution, where they are killed. 

If the methyl green is held in front of them, so that it first comes 
in contact with the anterior end, the Paramecia likewise swim back- 
ward, — therefore away from the densest part of the solution, so that 
they escape. 

If a bit of the methyl green or a crystal of sodium chloride is 
placed in the midst of a group of Paramecia that are oriented in no 
particular direction, each individual begins to swim backward when 
the diffusing chemical reaches it. Some thus swim toward the 




Figure 4. Loxophyllum 
meleagris O. F. M., 
after Buischli. a, an- 
terior end; /, poste- 
rior end ; Oy oral side ; 
a by aboral side. 
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centre of diffusion of the chemical, others away from it, others 
obliquely, — exactly as described for Chilomonas. 

It does not follow, however, from the above experiments that when 
Paramecium swims backward into a chemical solution which first 
touches its posterior end, this reaction is due to a stimulus at the 
posterior end. It is possi- 
ble that when the diffusing 
chemical approaches the 
Paramecium from the rear, 
no reaction is caused //// the 
solution reaches the anterior 
end. It is impossible to 
determine by observation 
whether this is true or not, 
even with a colored sub- 
stance like methyl green, ^''^i^''^' Motor reflex of I^xophyllummeleagris. 
/ ^ The arrows give the direction of motion; the 

as the Faramecia usually numbers show the successive positions occupied, 
begin to react before the 

color can be seen to have reached them at all. The possibility re- 
mains then that in Paramecia all motor reactions may be due to a 
stimulus at the anterior end, — the rest of the body not being suffi- 
ciently sensitive to receive a stimulus at all. 

Lozophyllum meleagriB O. P. M. — Description. — Loxophyllum liiel- 
eagris (Fig. 4) is of a flattened leaf-like form, about three times 
as long as broad, the anterior end tapering to a point, the posterior 
end broad. One border (the oral or ventral) is extremely thin ; the 
other (aboral or dorsal) thicker and bearing a series of papillae. The 
anterior end usually curves toward the aboral side. 

Movements, — This animal usually glides along the substratum, 
lying on one side, — after the manner of the Hypotricha. Like the 
Hypotricha, it may also at times leave the bottom and swim freely 
through the water : at such times it revolves on its long axis from 
left to right. The gliding motion is the usual one, however. 

This gliding motion is either straight ahead or in a gentle curve 
toward the aboral side, — the latter being evidently due to the curva- 
ture of the anterior part of the body. The straight forward move- 
ment seems to occur in individuals in which the curving of the 
anterior end is not marked. 

Motor reactions. — When Loxophyllum comes in contact with an 
obstacle of any sort, it turns toward the thin oral side. If stimulated 
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Figure 6. Colpidium 
colpoda Ehr., after 
Schewiakoff, from 
Biitschli. ^i, anterior 
end ; /, posterior 
end ; o^ oral side ; 
ab^ aboral side. 



in other ways, as by a mechanical shock, or by a chemical stimulus, 
it may swim backward a short distance, then turn toward the oral 
side. The reaction of Loxophyllum is represented 
^ in Fig. 5. 

It will be noticed that in this case the path of 
the unstimulated animal takes (frequently) the 
form of a curve toward the aboral side, while a 
stimulus causes always a sudden turn toward the 
opposite, or oral side. 

Colpidium colpoda Ehr. — Description. — Colpi- 
dium colpoda (Fig. 6) is somewhat kidney shaped, 
narrower at the anterior end, two or three times 
as long as broad, and curved toward the side on 
which the mouth lies (the oral side). 

Movements, — In Colpidium we find the same 
phenomenon in the direction of the normal move- 
ment as in Loxophyllum, but more pronounced. 
The animal swims in a strong curve forming the 
arc of a circle, with the oral side toward the centre 
of the circle. This is most evident when the ani- 
mal is following a plane surface, keeping one side against the surface, 
as it frequently does. When swimming freely through the water it 
likewise swerves continually toward the oral side, at the same time 
revolving slowly on its long 
axis, so that its path takes 
the form of a wide spiral. 
The curving of the path to- 
ward the oral side seems 
clearly a consequence of the 
curved form of the body. 

Motor reactions. — When 
stimulated in any way, Col- 
pidium turns toward its 
aboral side. This may be 
observed in the usual course of the animal as it glides along a 
surface. As above stated, its undisturbed path is a curve toward 
the oral side, but as it at short intervals comes in contact with an 
obstacle or is otherwise stimulated, it gives a short jerk toward 
the aboral side. Its path therefore usually takes the form shown 
in Fig. 7. 
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Figure 7. Path of Colpidium when frequently 
stimulated. The arrows show the direction of 
motion ; the numbers give the successive posi- 
tions taken. 
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The reaction is made more evident by using some direct means of 
stimulating the animals. If a drop of some chemical, as a weak solu- 
tion of NaCl, is introduced beneath the cover-glass of a preparation 
of Colpidia, the latter always turn toward the aboral side when they 
come against the edge of the drop : this is true whether the animals 
are gliding along a surface or swimming freely through the water. 
The backward swimming, so noticeable as a part of the reaction in 
many forms, is nearly omitted here ; if the stimulus is strong there is 
a sudden stoppage before the turning, with at times 
a slight backward jerk. 

If the animals are dropped directly into a solu- 
tion of a chemical which acts as a stimulus, they 
begin at once to whirl about, turning continuously 
toward the aboral side. 

Putting all together, the movements and reactions 

of Colpidium are then as follows: the unstimulated 

animal swims in a curve which follows the curve Figure 8. Micro- 

of the animal's body, turning therefore continually k^'^^^J!" E*'"f 

toward the oral side; at any effective stimulus mann. d, dorsal 

the animal alters its course by turning toward the edge ; v, ventral 

aboral side (at times jerking a little backward at ®^^^ ' ^ anterior 
... end ; A posterior 

the same instant). ^^^ 

Miorothoraz suloatas Eng. — Description, — Micro- 
thorax (Fig. 8) is very small, and somewhat lens shaped, one surface 
flattened, the other convex and bearing three longitudinal grooves. 
The anterior end has a blunt point curved toward the ventral edge, 
the posterior end is rounded. The " dorsal " edge is strongly convex, 
the ventral edge nearly straight. 

Movements. — Microthorax usually creeps or swims on the sub- 
stratum, lying either on the flat surface or the convex surface ; per- 
haps rather more commonly on the flat surface. The path is not a 
straight one, but forms a curve, the animal continually turning toward 
its more convex edge (dorsal). When swimming freely through the 
water Microthorax revolves continually on its long axis; at the same 
time it swerves toward the convex edge, so that the path becomes a 
spiral one. 

Motor reactions. — When Microthorax meets an obstruction or 
comes in contact with water containing some effective chemical in 
solution, or is otherwise stimulated, it turns with a sudden jerk toward 
the convex {dorsal^ edgCy then goes forward again. The sudden turn 

!6 
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may or may not be accompanied by a backward jerk. Microthorax 
never turns toward its straight (ventral) edge. 

Dileptus anser O. P. M. — Description. — Dileptus anser (Fig. 9) is 
lanceolate in form, pointed at the posterior end, and extending at the 
anterior end into a long, somewhat trunk-like por- 
tion. On one side (the oral) lies the mouth ; along 
the opposite side (the aboral) is a row of contrac- 
tile vacuoles. The anterior trunk-like portion is 
slightly curved in such a way that the convexity of 
the curve lies on the oral side, — the tip being thus 
directed toward the aboral side. 

Movements. — When swimming freely through 
the water the animal revolves on its long axis in 
such a way that it describes nearly the surface of 
a cone, the posterior end forming the apex, while 
the convex curve of the anterior process (oral side) 
looks always toward the outside of the cone. In 
other words, the anterior end swerves continually 
toward the oral side, the continued revolution carry- 
ing the animal forward in a spiral course. 

Dileptus may also contract and extend and twist 
Itself about in very irregular ways, though so far as 
observed the oral side may always be seen to look 
toward the outside of the irregular curves formed. 

Motor reactions. — When Dileptus in its forward 
course strikes against an obstruction or comes in 
contact with the edge of a drop of some chemical 
solution, it swims backward, then turns toward the 
oral side, — toward the convex curve of the pro- 
boscis-like anterior region, — then swims forward 
over the new path so determined. 

Rarely the animal becomes so twisted that the 
convex curve or oral side of the proboscis comes 
to lie nearly in a line with the aboral side of the remainder of the 
body. In such a case it is toward the oral side of the proboscis that 
the animal turns, without regard to the posterior part of the body. 

Localized stimuli. — (^^) Mechanical stimuli. — Dileptus is of such 
a size that the effects of localized stimuli may be tried, in the manner 
above described for Paramecium. Touching the anterior end with 
the spicule of glass, it is found to be exceedingly sensitive, the reac- 



FiGURE 9. Dileptus 
anser O. F. M., sifter 
Wrzesniowski.from 
Biitschli. a, ante- 
rior end; /, poste- 
rior end ; o^ oral 
side; ab^ aboral 
side. 
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tion described above being given at the slightest touch. If the poste- 
rior part of the body is touched, usually no reaction is given, showing 
that, as in Paramecium, this part of the body is very little sensitive as 
compared with the anterior end. By a strong stimulus, however, the 
animals may be made to react by touching the posterior end, but they 
then swim forwardy instead of giving the typical reflex above described. 
While it seems to be only a small part of the anterior end that is espe- 
cially sensitive, a sufficiently strong stimulus on any part of the ante- 
rior half of the body causes the animal to swim backward, while a 
strong stimulus applied to any point back of the middle of the body 
causes Dileptus to swim forward. 

Thus in Dileptus the reaction to a mechanical stimulus varies with 
the position of the stimulus, — a stimulus in front causing backward 
motion, a stimulus behind causing forward motion. These results 
thus differ from those previously obtained for Spirostomum (see 
Studies, etc.. Ill, loc. cit.) \ in Spirostomum an effective stimulus at 
any point of the body caused a contraction followed by swimming 
backward. 

In Dileptus we have therefore a reaction with relation to the local- 
ization of the stimulus. But strangely enough this reaction with 
reference to the localization of the stimulus occurs, as will be shown, 
(i) only in relation to backward and forward motion, not in relation 
to movement sideways ; (2) it occurs also only in the case of mechan- 
ical stimuli, there being no sign of it in the case of chemical stimuli. 

( 1 ) As to the first point, we have now to consider the results when 
the stimulus is applied on one side. If the animal is stimulated on 
the anterior half of the body, it swims backward, turns to the oral 
side, and swims forward. If the stimulus is a light one, the backward 
motion is for only a fraction of the animal's length, when turning 
takes place. Now, if the animal is stimulated on the oral side, it per- 
sistently turns toward that side. The stimulus may be repeated, the 
animal receiving a series of slight taps; it then turns continually 
toward the rod which is giving the stimuli. If on the other hand a 
series of stimuli is given in the same way on the aboral side, the ani- 
mal continually turns away from the stimulating agent. There is not 
the slightest indication of reaction with reference to the localization of 
the stimulus so far as the direction of turning is concerned. Dileptus 
when stimulated always turns toward the oral side if it turns at all. 

(2) As to the second point, we may proceed to an account of the 
effects of 
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(b) Localized chemical stimuli, — If a crystal of NaCl or a capillary- 
glass rod coated with methyl green is held in front of a resting Dilep- 
tus, there is for a moment no response. Then as the diffusing chem- 
ical reaches the animal, it darts backward, thus escaping from the 
advancing flood without injury. 

If the chemical is placed some distance behind the Dileptus, as 
the diffusing chemical reaches it the animal darts backward, as 

before, thus approaching and entering the 
dense solution, where it may be killed. If 
the chemical solution comes from one side, 
the same reaction is given, — the direction 
of motion being then neither toward nor 
away from that from which the solution is 
coming. If the animals are dropped directly 
into a weak chemical solution, the reaction 
is likewise the same. 

There is thus no sign in the reaction to a 
chemical of any relation to the localization 
of the stimulus. It seems probable that no 
reaction occurs until the diffusing chemical 
has reached the sensitive anterior end of the 
animal ; then the typical reflex is given 
without relation to the direction from which 
the chemical came. 

Lozodes rostnim O. P. M. — Description. — 
Loxodes rostrum (Fig. lo) is a very large 
infusorian, of a flattened elongated form, 
the anterior end pointed and curved toward 
the oral side; the posterior end likewise 
pointed or sometimes blunt. One of the 
sides is convex, the other deeply furrowed. 
The mouth lies on one edge (the oral), 
not far from the anterior end. Owing to 
its large size and the slowness of its motion, Loxodes is an espe- 
cially favorable form for observing the effects of localized stimuli. 

Movements, — Loxodes moves very slowly, at times creeping along 
the substratum on one side, at times swimming freely through the 
water. In the former case the path is nearly or quite straight; in 
the latter case the animal revolves and the path is a spiral, the aboral 
edge lying to the outside of the spiral. 
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Figure la Loxodes rostrum 
O. F. M., after Biitschli. 
<j, anterior end ; p, posterior 
end ; Oy oral side ; a b^ al> 
oral side. 
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Motor reactions, — When Loxodes strikes with its anterior end 
against an obstruction, or thrusts it suddenly into a solution of some 
chemical, it swims slowly backward and turns to the aboral side. 

Localized stimuli, — {a) Chemical, — If a crystal of sodium chloride 
is dropped near the anterior end of Loxodes, it swims backward (thus 
away), turns to the aboral side, and swims forward. If the salt is 
dropped near the posterior end, the Loxodes, when the diffusing 
solution reaches it, swims backward, as before. It thus approaches 
and enters the densest part of the solution, where it may be plas- 
molyzed and killed. 

{b) Mechanical stimuli, — Touched on the anterior part of the 
body with the glass rod, Loxodes gives the complete typical reaction. 
Touched on the posterior part, it swims forward. 
Touched on the aboral side, the animal turns per- 
sistendy toward the stimulating agent ; on the oral 
side, it turns away from the stimulating agent. Thus 
it always turns toward the aboral side. 

The facts as to the reactions of Loxodes are thus 
precisely parallel to those of Dileptus. The animal 
reacts with reference to the localization of mechani- 
cal stimuli so far as backward and forward motion figure ii. Proro- 
is concerned, but not so far as movement sideways ^°" niveus Ehr., 
is concerned. In the case of chemical stimuli there Ehrenberg. 
is no relation to the localization of the stimulus. 

Prorodon. — In all of the Protozoa thus far discussed, there is a 
more or less striking asymmetry in the form of the body, and this 
asymmetry is directly correlated with the method of reaction, so 
that the direction in which the animal turns after receiving a stimulus 
may be expressed in terms of the animal's structure. But there are 
a number of infusoria in which no such asymmetry is to be observed, 
the animals presenting apparently a complete radial symmetry. 
Such is the case for example with Trachelomonas among the Fla- 
gellata : such also is nearly or quite the case with Coleps hirtus and 
with the various species of Prorodon (Fig. 11) among the Ciliata. 
The reactions of a number of such forms were studied with care, but 
in most cases it was impossible to tell whether the animal does or 
does not turn after stimulation always toward the same side, — the 
different sides not being distinguishable. 

Finally a large species of Prorodon was secured which presented 
the elements necessary for a solution of the problem. 
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Description, — Prorodon (outlines of a certain species of which are 
shown in Fig. 11) is oval in form, with the pharyngeal tube at the 
anterior end, so -that it is not possible to structurally distinguish 
different sides. It is therefore of course impossible to tell, from the 
structure alone, whether the animal after stimulation always turns 
toward a definite side or not. But here the food vacuoles come to 
the rescue. The animals contained numerous food vacuoles of 
different size and color, and these occupied definite positions within 
the body. The movement of the food vacuoles was so slow as not 
to be apparent except upon long observation. By fixing upon one 
of these vacuoles, occupying a definite position near one side of the 
animal's body, it was possible to determine in every case the direc- 
tion of movement of the animal with reference to the position of this 
vacuole. Upon doing this, it is found that Prorodon, like the other 
infusoria, always turns toward the same side. 

Movements, — The motion of the unstimulated Prorodon is straight 
forward, at the same time revolving on the long axis to the left. 

Motor reactions, — When stimulated it first swims backward, — 
sometimes a very little, sometimes a long distance. Then it turns. 
One specimen whose movements were studied contained near one 
side a large brown food vacuole, — the other food vacuoles being 
much smaller and less deeply colored. In every case this animal 
turned after stimulation toward a point in its body surface lying 
about fifty degrees to the right of the position of this large brown 
vacuole. In other words, if a plane is passed through this vacuole 
and the longitudinal axis of the Prorodon, and another plane cutting 
the first at an angle of about fifty degrees is likewise passed through 
the long axis, the animal always turned after stimulation in this 
second plane. Moreover, it always turns in the same direction in 
this plane, — in a direction definable as follows : when the brown 
food vacuole lies in the upper surface the direction of turning is 
somewhere in the right half of the animal ; if the vacuole is below, 
the turning is to the left. Similar results were obtained by a study 
of other individuals. 

It thus appears that the radially symmetrical Prorodon likewise 
always turns toward a definite side. Though anatomically symmetri- 
cal, it is physiologically unsymmetrical. 

B. Heterotricha : Stentor polymorphus Miiller. — An account of the 
reactions of this animal was given in the third of these Studies i^loc. 
cit.). The reaction to a stimulus is essentially as follows: the animal 
contracts, swims backward, turns to the right, and swims forward. 
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BpiroBtomnm ambiguum Ehr. — The reactions of Spirostomum were 
likewise described in the third of these Studies. When stimulated, 
the animal contracts, swims backward, turns toward the aboral side, 
then swims forward. 

In the case of localized stimuli, the Spirostoma previously described 
{loc. cit?) reacted in the same manner whatever the part of the body 
stimulated. Stimuli at the anterior end, at the posterior end, or on 
one side, caused the characteristic reflex, 
including the swimming backward. In view 
of the different results obtained for Dileptus 
anser, Loxodes rostrum, and the Hypo- 
tricha, as detailed in this paper, I have been 
at some pains to re-examine the reactions 
of Spirostomum. I can confirm the results t 
previously given, from experiments on speci- 
mens from several cultures. As noted in 
the previous account, the posterior end is 
slightly less sensitive than the anterior end, 
and the percentage of cases giving the 
typical reaction was slightly less in the case 
of stimuli at the posterior end, as com- 
pared with the results of stimulation at the Figure 12. Bursaria truncat- 
anterior end. In specimens from some ellaO.F.M, after Schuberg, 

, - ..rr . ^' ^ .• 1- from Biitschli, ventral view. 

cultures the difference m reaction to stimuli ^ .,„t«r;r.r ««.i . ^ «^«f*.ri«r 

<7, anterior end ; p^ posterior 

at the two ends was greater, but in the end ;r. right side;/, left side, 
majority of cases a mechanical stimulus 

at the posterior end caused the animals to contract and swim back- 
ward, exactly as does the same stimulus at the anterior end or the side. 
To what is this difference between Spirostomum on the one hand 
and Dileptus, Loxodes, and the Hypotricha on the other, in regard 
to reactions to localized mechanical stimuli due? Spirostomum is 
a very long slender form, and the posterior part seems relatively 
much more sensitive than in the other cases ; it seems probable that 
to this greater sensitiveness of the posterior end is due the produc- 
tion of the typical reflex when the posterior part is stimulated. 
Spirostomum differs from most of the others in that it always con- 
tracts strongly before responding with the motor reaction ; possibly 
this contraction and the typical motor reflex with its backward swim- 
ming are closely bound up together, so that whatever causes the 
former must cause the latter also. 
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Bursaria tnmcatella O. P. M. — This very large Ciliate has proved 
much less favorable for experimental work than was expected, owing 
to its extreme delicacy. To the slightest unfavorable influences or 
mechanical injuries it succumbs quickly, passing first into a patho- 
logical condition, then rapidly going to pieces. 

Description, — Bursaria (Fig. 12) is ovate, truncate anteriorly, 
broader and rounded posteriorly. The oral side is flattened, with a 
very deep groove passing far into the substance of the body ; the 
aboral side is strongly convex. 

Movements, — The animal usually swims forward, revolving to the 
left. At times it jerks back a little (probably as a response to a 

slight stimulus) ; at the same time the 
revolution may partly or completely 
stop. At times it swims forward for 
some time without revolving ; at such 
times the path is in some individuals a 
straight line, in others a regular curve. 
The direction of the curve probably 
depends (as in Colpidium and Loxo- 
phyllum) on the form of the animal's 
body. In almost all cases observed 
the path was a gentle curve to the 
right (the oral side being consid- 
ered as ventral). In one or X^ko cases 
of individuals which had been kept 
for a long time and were possibly 
in a pathological condition, the forward path was a curve to 
the left. 

Motor reactions, — Bursaria is excessively sensitive to external 
influences: at any stimulus it swims backward more or less, then 
turns to the right, and swims forward. The turning to the right as 
a response to a stimulus is invariable whether the regular course is 
a straight line, a curve to the right, or a curve to the left. Bursaria 
confined under a supported cover-glass can detect the difference in 
the water as it nears the edge of the cover-glass nearly a millimetre 
from the edge. It then turns, always to the right, — even though 
its right side already lies next to the edge of the water, so that it is 
compelled to turn in this direction more than 180° to avoid the edge, 
while to the left it would have had to turn through but a small angle. 
The reaction of Bursaria is represented in Fig. 13. 



Figure 13. Motor reaction of 
Bursaria tnincatella. The ar- 
rows show the direction of mo- 
tion throughout the reaction, 
while the numbers indicate the 
successive positions occupied. 
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C. Hypotzicha : Ozytricha fallax Stein. — Description. — Like most 
of the Hypotricha, Oxytricha (Fig. 14) has a strongly dorso-ven- 
trally flattened body, the dorsal surface being convex, the ventral 
surface plane. The cilia and cirri serving for locomotion are con- 
fined to the ventral surface. The mouth is situated on the ventral 
surface a very little in front of the centre ; from it a row of large 
cilia, the adoral zone, passes forward and to the 
left as far as the left corner of the anterior margin ; 0- 

thence it passes along this margin to the right 
comer. The posterior portion of the animal is dis- 
tincdy broader than the anterior portion. Anterior 
and posterior ends, right and left sides, and dorsal 
and ventral surfaces are thus strongly marked and 
easily distinguishable. 

Movements. — Oxytricha usually runs along the 
substratum with ventral side applied to it, by means 
of the ventral cirri. When running along a plane 
surface, the path followed is in some individuals a 
straight line, in others a curve to the right, in 
others a curve to the left. Whether the path is a 
straight line or a curve, and in the latter case the 
direction of curvature probably depends partly or 
entirely upon the form of the given individual; 
some specimens in which the body was curved dis- 
tinctly to the left followed a path that was likewise 
curved to the left. For a given individual traversing a plane surface 
the direction of the curvature was constant, so far as observed, 
although the degree of curvature of the path varies in one and the 
same animal. 

Individuals running about on an irregular surface amid detritus, 
algae, etc., may follow the substratum in any direction it takes them, 
running around the surface of spherical or irregular masses, or fol- 
lowing a filamentous alga as it curls to the right or left, or up and 
down. The direction of movement seems determined by the form 
of the substratum on which the animals are moving. 

Besides this usual motion along the substratum, Oxytricha may 
swim freely through the water, at the same time revolving on its 
long axis. 

Motor reactions, — (^) Mechanical stimuli. — As Oxytricha runs 
along the substratum it frequently comes in contact with small ob- 



FiGURE 14. Oxy- 
tricha fallax Stein, 
after Kent, ventral 
view, a, anterior 
end; /, posterior 
end ; r, right side ; 
/, left side. 
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structions; it thereupon jerks slightly backward and turns to the right 
(that is, toward its own right side), then again pursues a forward 
course. Similarly if some moving infusorian strikes in its course 
against the Oxytricha, the latter jerks back and turns to the right. 
If the preparation containing the moving animals is jarred, they all 
jerk backward, turn to the right, and move forward. As Oxytricha 
moves along the substratum it will frequently be seen thus to jerk 
back and turn a little to the right, there being probably invisible 

sources of stimuU affecting the 
animal. The turning to the 
right after such a jerk back- 
ward is invariable, whether the 
original path was a straight 
line, a curve to the right, or 
a curve to the left. In long 
continued observation of many 
individuals I have never yet 
seen one turn otherwise than 
to the right after a stimu- 
lus. The typical motor reflex 
of Oxytricha is shown in 
Fig. 15. 
(J)) Chemical stimuli, — If a weak solution of some chemical, as 
sodium chloride, is allowed to run beneath the edge of the cover- 
glass, so that there is a sharply defined boundary between the edge 
of the drop and the water containing the infusoria, many of the 
latter will in their course come against the edge of the drop. They 
thereupon turn to the right. This turning to the right occurs both 
when the animals strike with the anterior end squarely against the 
edge of the drop, and when they come against it obliquely. Cases 
were observed in which the Oxytricha simply grazed the edge of 
the drop with its right side ; it nevertheless after jerking backward 
turned to the right. In such a case, if the forward course again leads 
the animal against the edge, it turns to the right again. It is evident 
that continued turning to the right will soon bring the animal com- 
pletely around, so that it will be headed in the opposite direction. 

Animals swimming freely through the water and at the same time 
revolving on the long axis, likewise turn to the right when they 
come in contact with the edge of a drop of some chemical in solu- 
tion. If they are dropped directly into a solution of sodium chloride 



Figure 15. Motor reflex of Oxytricha fallax, 
viewing the animal from the ventral side. The 
arrows give the direction of motion ; the num- 
bers show the successive positions occupied. 
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they jerk backward, turn to the right, and so continue for a long 
time, — the whole effect being that of a jerky whirling toward the 
right. Dropped into 6 per cent solution of sodium hypochlorite, they 
all whirled steadily and smoothly to the right. Some other chemicals 
cause the animals to swim backward a considerable distance before 
turning to the right ; doubtless variations in the effects of chemicals 
similar to those described in the fourth of these Studies (^loc. cit.) for 
Paramecium might be worked out for Oxytricha. 

Localized stuniili, — {a) Mechanical, — Touching various points 
on the surface of the body with the capillary glass rod, the anterior 
end is found to be much more sensitive than the rest of the body. 
The slightest touch at the anterior end — apparently even a touch 
to one of the cirri of this region — causes a strong reaction. The 
posterior part of the body is much less sensitive ; the tip of the glass 
rod may even be thrust so violently against it as to leave a visible 
mark, without any strong reaction being caused. The animal reacts 
indeed, but quietly as compared with the violent movement when 
the anterior end is touched. 

Touched at the sensitive anterior end Oxytricha reacts by darting 
backward, turning to the right, and swimming forward again (typical 
motor reflex). 

Touched on the posterior half of the body, usually no reaction is 
caused. If a strong blow is given with the tip of the capillary 
glass rod sufficient to make a visible mark, the animal responds by 
running forward. 

Touched on the left side, the animal jerks back a little, then turns 
to the right (away from the stimulating agent). 

Touched on the right side, Oxytricha jerks back a little and turns 
to the right, as before, — therefore toward the stimulating agent. 
The rod may give repeated quick taps on the right side ; the animal 
turns persistently to the right, as if following the rod. If touched 
repeatedly on the left side, it of course turns as persistently away 
from the rod. 

Thus Oxytricha, like Dileptus and Loxodes, reacts with reference 
to the localization of the stimulus so far as backward and forward 
motion is concerned, but not so far as motion sideways is concerned : 
it turns toward a structurally defined side, without regard to the 
place of stimulation. 

{V) Localized chemical stimuli, — As already shown, Oxytricha 
responds to a chemical stimulus which first affects the anterior end 
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or the side by backing a little, turning to the right, then swimming 
forward, — without regard to which side it is that first comes in con- 
tact with the chemical. There remains to be described the reaction 
to a chemical stimulus coming from behind. If a crystal of sodium 
chloride or a rod coated with methyl green is placed behind the 
resting Oxytricha, there is for a moment no response ; then as the 
diffusing chemical reaches the animal, the latter at once swims back- 
ward. It thus passes into the densest part of the solution and may 
be killed. Usually after swimming some distance backward, this 
motion is exchanged for a whirling motion to the right. If the 
chemical is placed in front of Oxytricha, it darts backward, as before, 

— thus away from the diffusing chemical. If the animals are in- 
troduced directly into the chemical, they fall at once to swimming 
backward, which usually gives place soon to a whirling to the right. 

The direction of motion after a chemical stimulus has thus in 
Oxytricha no evident relation to the localization of the stimulus. 

Hypotricha iu general. — Without determining the species, the re- 
actions of a considerable number of other Hypotricha (using this 
group as limited by Butschli) were examined. All agree in the main 
features of structure with Oxytricha, and the method of reaction was 
practically identical in all. At any stimulus, except a mechanical 
stimulus confined to the posterior half of the body, all the species 
examined jerk backward more or less, turn to the right, then go for- 
ward again. No exception to this turning to the right after a stimu- 
lus was seen in any case. 

As shown by the foregoing description of Oxytricha and other 
Hypotricha, the infusoria of this group present in their reactions cer- 
tain features which give much complication to their locomotion as a 
whole, (i) In following an irregular substratum, such as a crooked 
alga filament, the animals may turn to the right or left or up or down, 

— the direction being determined solely by the form of the surface 
on which they are moving. This may be a mechanical result of the 
method of locomotion. As is well known these animals use a number 
of large cilia or cirri on the ventral side like legs for creeping. In 
following an alga bent to the left, for example, on coming to the bend 
the cirri on the right side would on being pushed forward find noth- 
ing to rest upon ; the left cirri on the contrary would find a point of 
support, and thus pulling alone on the body, would necessarily turn 
it to the left. (2) In the same species some of the unstimulated 
individuals follow a straight path ; others a path which curves to the 
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left; others a path which curves to the right. Since, so far as ob- 
served, the path of a given individual is always curved in the same 
direction, it seems probable that the curve of the path is due to the 
form of the body ; but the fact that the degree of curvature in the 
path of a single individual varies indicates the possibility of the pres- 
ence of other factors in determining the direction of movement. 

In spite of this greater complication in the movements of the 
Hypotricha as compared with other infusoria, it is in this group that 
the reaction to a stimulus by turning in a definite direction (to the 
right) without regard to the position of the source of stimulation, is 
peculiarly striking and easily observed. This is of course owing to 
the fact that the Hypotricha do not revolve as they move through the 
water, as is done by most other infusoria, but run along the bottom 
with the ventral side below. There is thus no difficulty in determin- 
ing the direction in which the animals turn after stimulation, and this 
is invariably toward the right side. 

Other Infasoria. — The foregoing discussion contains an account of 
the reactions of representatives of the chief groups of the infusoria, 
with the exception of the Peritricha. The members of this group are 
nearly all fixed forms, and hence not fitted for determination of the 
questions raised in this paper. It is true that such forms as Vorticella 
frequently break from their stalks and swim freely through the water. 
But the movement seems less well coordinated than in the other in- 
fusoria, and to almost every stimulus these creatures respond by 
sharply contracting the body and folding the adoral cilia inward, at 
the same time of course ceasing to move. I have not as yet therefore 
succeeded in determining with certainty any such regularity in their 
motor reactions as was observed in other infusoria. In addition to 
the species whose reactions are above described, I have studied 
many other species which did not, for one reason or another, give 
clear results, and which were therefore not included in my account. 
It is of course possible that a complete analysis of the reactions of 
some of these forms may give resultsr differing in principle from those 
here detailed ; in other words it is possible that essentially different 
laws of reaction may obtain as between different infusoria. But from 
the considerable number of representatives of different groups whose 
reactions were worked out and above described, it is believed more 
probable that the general principles of the motor reaction methods 
for the entire group have been obtained. No attempt has been made 
in the present paper to give an exhaustive account of the reactions of 
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any of the organisms studied ; rather were their reactions examined 
with a view to the answering of certain definite questions, stated in 
the introduction. 

We will now proceed to an analysis of the observations above 
recorded and a discussion of the conclusions to be drawn in regard to 
the nature of the motor reactions of these creatures. 



IV. Analysis of the Observations, Summary, and 
Conclusions. 

(i) The first of the questions proposed in the introduction was, 
Has the given Protozoon a fixed formula for motor reactions, similar 
to that of Paramecium? 

This question has now been answered for representatives of the 
main groups of Flagellata and Ciliata, — including a Flagellate with 
two flagella (Chilomonas) , others with a single flagellum (Euglenidae), 
representatives among the Ciliata of the Holotricha (Paramecium, 
Loxophyllum, Colpidium, Microthorax, Dileptus, Loxodes, and 
Prorodon), of the Heterotricha (Stentor, Spirostomum, and Bur- 
saria), and of the Hypotricha (Oxytricha and others). In all 
these species a fixed and definite type of motor reflex was shown to 
occur, though with much variation in details. In general, when one 
of these organisms is affected by a decided stimulus, the motor reflex 
takes the form of a swimming toward one end (structurally defined), 
turning toward one side (structurally defined), then swimming again 
with the same end in front as before stimulation. This question is 
then to be answered in the affirmative, — under the limitations given 
in the following paragraphs. 

In the details of the reflex there is much variation. This may be 
brought out by noting the difference in behavior when each organism 
comes, for example, against the edge of a drop of a weak solution of 
some chemical, as sodium chloride. The lowest motor reaction is 
shown perhaps by Euglena viridis, which simply turns toward a definite 
side (the larger lip): if stimulation continues, it takes the spherical 
form and prepares to encyst. There is here no swimming backward 
and no contraction. A still lower condition is found in Euglena 
spirogyra and E. oxyuris, in which there is no motor reaction at all, 
the organisms simply remaining quiet and beginning the process of 
encystment at any evident stimulus. Most of the organisms studied 
gave the typical motor reflex above characterized. In others 
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(Spirostomum and Stentor) , a strong contraction of the body is an 
additional feature of the reaction. 

(2) The second question proposed was, After stimulation does the 
organism always turn toward a certain structurally defined side, with- 
out regard to the nature or position of the stimulus? 

This question is answered for all the organisms studied in the 
affirmative. In any given organism the side toward which the 
creature turns after a stimulus is invariable, and has no relation to 
the localization of the stimulus. 

The side toward which the animals turn is variously defined. In 
very closely related forms, as in the different Hypotricha (Biitschli), 
common structural features define the direction toward which the 
animals turn (in this case, toward the right side). In more distantly 
related species it is not possible to name any single structural pecu- 
liarity by which the direction of turning can be defined. Thus Chilo- 
monas turns toward its lower or smaller lip, Euglena toward its upper 
or larger lip. Paramecium, Colpidium, Loxodes, and Spirostomum 
turn toward the aboral side ; Loxophyllum and Dileptus toward the 
oral side. Microthorax turns toward its " dorsal " edge ; Stentor, 
Bursaria, and the Hypotricha toward the right side. Prorodon turns 
toward one side which is invariable, but not structurally marked. 
There is of course such great variation in the structure and form of 
these animals that the same term ( as " right " or " aboral ") may have 
ver}^ different significations with respect to the general form in different 
species, so that there is no especial reason for expecting uniformity 
in this matter. The direction of turning in a given case depends on 
the structural and functional peculiarities of the locomotor organs, 
taken in connection with the geometrical form of the body on which 
they act. 

The relation of the direction in which the animals turn after stim- 
ulation to the usual direction of locomotion is likewise variable. 
Most of these organisms, as they swim forward unstimulated, swerve 
toward one side or the other,. — so that a spiral course results, if they 
at the same time revolve on the long axis. This side toward which 
the creature swerves may or may not be the same as the side toward 
which it turns after stimulation. In Chilomonas, Paramecium, Micro- 
thorax, Dileptus, Stentor, Spirostomum, and Bursaria they are the 
same; in Loxophyllum and Colpidium the animals swerve in ordi- 
nary locomotion toward one side (owing to the form of their bodies), 
while after stimulation they turn toward the opposite side. The 
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Hypotricha may swerve from a straight line either to the right or to 
the left, but after stimulation the turn is always to the right. 

(3) Before taking up the third question proposed in the introduc- 
tion, it will be well to state briefly the facts brought out in regard to 
the comparative sensitiveness of different parts of the body. As 
shown by localizing mechanical stimuli, the anterior end is much the 
most sensitive part of the body. This was demonstrated for Parame- 
cium, Dileptus, Loxodes, Stentor, Oxytricha, and in a less marked 
degree for Spirostomum ; it is probably true for the others also. 

(4) The third question proposed in the introduction was. After 
stimulation does the organism always move, before turning, toward a 
certain structurally defined end (the "posterior") without regard to 
the nature or position of the stimulus ? 

This question is answered, in the general form above stated, in the 
negative, .Yet the conditions and limitations of this negative are such 
that an analysis of the observations is necessary for an appreciation 
of its signification. 

(^) As pointed out in the accounts of Chilomonas and Parame- 
cium, the usual forward motion of all the organisms above described 
may be considered a reaction to a stimulus, if the resting condition be 
taken as a starting point — inasmuch as the beginning of this mo- 
tion is due to an external change. The resting individual may be 
induced to resume the forward motion by any very gentle movements 
such as will separate it from the object against which it is resting, 
without giving it a stimulus of a pronounced character. It then 
requires another stimulus to induce again the resting condition. 

(^) Some forms, as Euglena viridis, do not swim backward at all 
even when strongly stimulated, — the typical motor reflex consisting 
merely of the turning toward a definite side. 

(c) For other organisms, the following facts are brought out by the 
experiments with localized stimuli : — 

In Dileptus, Loxodes and Oxytricha, the end toward which the 
animal moves after a mechanical stimulus depends upon the localiza- 
tion of the stimulus; to such a stimulus at the anterior end the 
animals react by swimming backward, while if the stimulus is at the 
posterior end they swim forward. 

For chemical stimuli, on the other hand, in the same infusoria, as 
well as in others, the absence of any such dependence of the direction 
of motion on the position of the stimulating agent was demonstrated. 

Since the experiments with localized mechanical stimuli clearly 
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demonstrate that the organisms just named have the power to distin* 
guish stimuli upon the posterior part of the body from those on the 
anterior part, and to vary their reaction accordingly, the question 
arises as to why this power is not exercised in the case of chemical 
stimuli. The fact that the organisms swim backward when stimulated 
by a chemical substance diffusing from the rear has cost the lives of 
many infusoria in these experiments. This perverse and useless 
method of reaction has been demonstrated to occur in Chilomonas, 
Paramecium, Loxodes, Dileptus, Spirostomum, Oxytricha, and other 
Hj-potricha, 

The explanation of this lack of appropriate reaction in the case of 
chemical stimuli is probably as follows: As stated above, it is proven 
in many cases that the anterior end is much more sensitive than the 
remainder of the body, — the latter being comparatively impercipient. 
Thus a light touch with the glass rod, that would at the anterior 
end induce a strong reaction in Paramecium ♦ Loxodes, Dileptus, 
Stentor. or Oxytricha, produces in these same organisms when applied 
to the posterior part of the body no reaction at all Now, suppose a 
chemical substance diffusing somewhere in the rear of one of these 
infusoria. As the very dilute solution first reaches the posterior end, 
it is too weak to act as a stimulus upon this comparativ^ely unsensitive 
part. The animal therefore remains quiet, and the chemical contin- 
ues to diffuse, until, coming from the rear, it reaches the sensitive 
anterior end. Thereupon a strong reaction is induced, which, result- 
ing from a stimulus applied at the anterior end, takes the form of 
swimming backward, etc rather than forward. The animal may thus 
enter the destructive solution and be killed b)^ it. 

Spirostomum ambiguum presents an exception to the general rule, 
in so far that even mechanical stimuli applied to the posterior qwA 
usually induce the sw^imming backward, exactly as when applied to 
the anterior end. The greater relative sensitiveness of the posterior 
end of Spirostomum and its habit of contracting strongly at ^wy stim- 
ulus seem to be connected with this fact. (See the account of 
Spirostomum above.) 

To unlocaltzed stimuli — that is» stimuli applied to the entire sur- 
face of the animal at once, as when they are dropped into some chem- 
ical solution or when the vessel containing them is strongly Jarred — 
all the organisms respond by swimming first backward. In such a 
case it is perhaps only the anterior end that actually receives a 
stimulus. 

I? 
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In a recent paper ^ I have attempted to set forth the bearing of the 
results gained by a study of the motor reactions of Paramecium on the 
psychology of that animal. The investigations recorded in the present 
paper require a modification of one of the statements therein made, — 
if not for Paramecium, at least for other infusoria. This is the state- 
ment that the direction of motion in the motor reaction has no rela- 
tion to the localization of the source of stimulus. This statement was 
based on the reactions of Paramecium and other infusoria to localized 
chemical stimuli, and the reactions of Spirostomum to localized me- 
chanical stimuli. These phenomena taken alone seem to justify the 
statement for Paramecium and Spirostomum, yet the facts obtained by 
a study of other infusoria show that the statement cannot be general- 
ized for this group of animals. We have in the infusoria a remarkable 
transitional stage toward a real perception of the localization of the 
stimulus, — reaction with regard to such localization so far as motion 
along the body axis is concerned ; a blind reflex without regard to 
the localization of the stimulus, so far as motion sideways is con- 
cerned. 

(S) On the whole, the investigation has shown that the motor 
reaction plan of the infusoria studied is essentially the same as that 
previously described for Paramecium. Until it is clearly shown that 
some members of these groups react in a manner essentially different 
from that which I have described, we may assume provisionally that 
this manner of reaction is characteristic for the Flagellata and Ciliata 
in general. We may therefore extend provisionally the chief general 
conclusions drawn from a study of the movements of Paramecium to 
the Flagellata and Ciliata as a whole. The more important of these 
conclusions may be stated briefly as follows : — 

1. The motor reactions to stimuli in the Flagellata and Ciliata take 
the form of a reflex of definite character, the usual features of which 
are that the animal moves backward some distance, turns toward a 
structurally defined side, then moves forward. 

2. Different kinds of stimuli do not produce correspondingly 
different kinds of reaction, but this motor reflex is produced by chem- 
ical stimuli of all sorts, by fluids active through their osmotic pres- 
sure, by heat, by cold, and by mechanical shock; in fact, by all 
agents capable of causing a motor reaction. Chemotaxis, tonotaxis, 
thermotaxis, etc., are therefore not essentially different forms of 

1 Jennings : American journal of psychology, 1899, x, p. 503. 
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activity: they are due to the same reflex, merely induced by different 
agents. 

j. The direction of motion throughout this reflex has to only a 
very limited degree a relation to the locah'zation of the stimulus. 
The direction of turning has absolutely no relation to such local iza- 
tion, being determined by structural differentiations. Whether motion 
shall take place backward or forward along the body axis is however 
to a certain extent determined by the localization of the stimulus, 

4. The general effect of this reflex is to take the organism out of 
the sphere of influence of the agent causing the reaction^ and to pre- 
vent it from re-entering, 

5. Chemotaxis is by no means a passive motion due to attraction 
or repulsion of the protoplasmic substance by other substances, but 
is an active movement due to the production of this motor reflex by 
the chemical agent in question. The organisms leave certain areas 
vacant (" negative chemotaxii> ") as a result of the fact that the influ- 
ences at work in these areas cause this motor reflex. They gather in 
certain areas ('* positive chemotaxis '*) when the conditions within these 
areas are twi such as to cause the motor reflex, w'hile the surrounding 
influences do cause it. There is then no such thing as direct attrac- 
tion or repulsion shown by these animals. Corresponding statements 
may be made for thermotaxls, tonotaxis, etc. 

6. The motor reflex through which these reactions are produced 
is of the same order as the motor reflexes of higher animals, so that 
there is no reason for holding the reactions of these unicellular organ- 
isms to be of an intrinsically different nature from those of higher 
forms. 

7. The behavior of these organisms shows them to occupy an ex- 
tremely low place in the psychological scale, most of their activities 
being due to a single reflex- 

8. There is evidently no immediate analogy bet\veen the reaction 
movements of these unicellular organisms and the growth mo\ements 
of higher forms (*' tropisms*'), so that the phenomena shown by the 
former do not justify the drawing of direct conclusions concerning 
the latter. 

These conclusions, as well as others of a less general nature, have 
been developed in detail by the author in previous papers,^ so that it 
is not necessary to dwell upon them here. 

^ See, in addition to the papers prev iously cited, a lecture by the author on 
** The Behavior o£ Unicellular Organisms,*' in the Woods Holl Biological Lectures 
foriS99L 
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The investigations above recorded were carried on in the Labora- 
tory of the U. S. Fish Commission for the Biological Survey of the 
Great Lakes at Put-in-Bay, Ohio, during the summer of 1899. I 
desire to acknowledge my indebtedness to the officials of the Com- 
mission and to Professor Jacob Reighard, Director of the Survey, for 
their courtesy and assistance throughout the work as well as for per- 
mission to publish this paper. 
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STUDIES ON REACTIONS TO STIMULI IN UNICELLULAR 
ORGANISMS.— VI. ON THE REACTIONS OF 
CHILOMONAS TO ORGANIC ACIDS. 

By H. S. JENNINGS. 

IN the January number of this Journal appeared two papers dealing 
with the reactions of infusoria.^ Both the papers treat, among 
other matters, somewhat fully of the reactions of Chilomonas, but 
from a different standpoint in each case. Garrey's paper considers 
the subject chiefly from a chemical standpoint, giving an account of 
the chemical substances in solutions of which Chilomonas forms 
aggregations, and of other substances which the animals leave vacant, 
and determining the exact factors in the solutions to which these re- 
sults are due. Garrey did not, however, work out the mechanism of 
the reactions, — that is, he did not determine the exact movements 
of the animals when stimulated. My own paper, on the other hand, 
dealt with the matter from the side of the organism, and was con- 
cerned especially with the mechanism of the reactions, showing the 
exact movements of the animals under stimulation. I did not, how- 
ever, treat of the special chemical substances in which aggregations 
are formed, or which are left vacant, by the organisms. The direct 
application of the reaction mechanism which I have described to the 
phenomena of aggregation, etc., described by Garrey has, therefore, 
not been made. As the conception presented by Garrey of the nature 
of the activities of the organism in these reactions is different from 
that to which I was led by a study of the reaction mechanism, it seems 
important to make this application. I am convinced that there is no 
contradiction between the observations of Garrey on this point and 
my own observations, but that on the contrary the two supplement 
each other neatly and lead to the same conclusions. 

The organism concerned is the small Flagellate Chilomonas. Brief 
descriptions of the organism are given in both the papers above- 

1 (i) The effect of ions upon the aggregation of flagellated infusoria, by 
Walter E. Garrey: This journal, iii, no. vi, pp. 291-315. (2) Studies, etc. V. 
On the movements and motor reflexes of the Flagellata and Ciliata, by H. S^ 
Jennings : This journal, iii, no. vi, pp. 239-260. 
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mentioned; one point which becomes of much importance for an 
^understanding of the essential nature of the reactions was not speci- 
fically mentioned in either paper, however. This is the well-known 
fact that Chilomonas is an unsymmetrical animal, the so-called 
*' upper," or larger lip lying at the dorso-dextral angle of the body, 
as figured by Biitschli, in Fig. 9 b of Plate XLV, in his great work 
on the Protozoa, — so that the organism cannot be divided either 
dorso-ventrally or dextro-sinistrally into similar halves, and it is im- 
possible to speak of *' symmetrical points on the surface of the body," 
as is done in bilaterally symmetrical organisms. 

Garrey finds that certain chemicals " cause the organism to become 
restless, very swift shooting movements being caused." As a result 
of these movements the organisms soon leave the area of operation 
of the chemical causing the reactions. This phenomenon Garrey 
calls " chemokinesis." Expressed in the more precise terms of the 
" motor reflex " described in my own paper (Joe, cit^, this is as fol- 
lows. These chemicals cause in a marked degree the motor reflex of 
Chilomonas; this reflex consists of the following activities. The ani- 
mal darts backward, turns sideways toward the smaller Up, then swims 
forward in the new path thus determined by the position of the 
smaller lip. This being repeated, the animal is in time brought out 
of the region of the agency causing the motor reaction. The whole 
phenomenon is evidently precisely analogous to the conduct of Para- 
mecium in leaving vacant a drop of some chemical to which it is 
" negatively chemotactic " (or chemokinetic). The only difference 
between the two cases seems to be that Chilomonas forms a ring 
around the outside of such a drop, while Paramecium doQs not. This 
is due to the fact that Chilomonas is normally much less active than 
Paramecium, and usually comes to rest as soon as a motor stimulus 
is lacking; it therefore comes to rest as soon as it gains the outside of 
the drop of the chemical which acts as a stimulus. Paramecium, on 
the other hand, is a strong swimmer, and once in motion, it continues 
to move until stopped by another stimulus; it therefore forms no 
collection about such a drop. — The above is give^^ as merely sup- 
plementary to Garrey's account, and not as in any sense a correction 
of it : I apprehend that there would be no disagreement on these 
points. 

In certain organic acids (acetic, butyric, lactic) and their salts 
Garrey finds that Chilomonas forms dense aggregations, — as Para- 
mecium does in weak solutions of acids of any kind. The special 
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problem here is, how do the organisms gather in the region of the 
organic acid ? Garrey states that *' a study of the mechanics by 
which the organism is oriented, or by which it is prevented from 
moving from the ring into the stronger acid of the clear area or the 
weaker acid surrounding the ring, proved fruitless" in his case, so 
that the question as to the mechanics of the phenomenon remains an 
open one. In what follows, I shall set forth observations which I 
believe give a clear answer to this question. 

In studying the reactions to organic acids (acetic and butyric were 
chiefly used), I have employed two. methods. In one of them an ap- 
paratus similar to that described by Garrey^ was used. This method, 
in which the reactions are examined in a chamber i to I >^ mm. deep, 
is well suited for showing the grosser phenomena of aggregation, since 
it is thus possible to work with a very large number of organisms, and 
the aggregations formed are dense. On the other hand, it is, of 
course, impossible to study the exact behavior of creatures but 40 /a 
long in a layer a millimetre deep. The second method was that used 
by me in studying the reactions of Paramecium : it is described and 
figured in the second of my Studies,^ p. 314. In this method the 
animals are mounted in a very thin layer of water under a supported 
cover-glass, and a drop of the substance to be tested is introduced 
with a capillary pipette into the preparation. The aggregations of 
the animals are then produced in the same manner as by the first 
method, but of course contain comparatively few individuals, so that 
the gross appearance is not striking. But the thickness of the layer 
of water can be diminished to any desired extent by decreasing the 
size of the supporting glass rods, so that the individuals can be 
watched even with a high power lens ; thus the exact behavior of the 
animals may be noted. 

Using this second method, when a drop of weak acetic or butyric 
acid is introduced, the swimming Chilomonads behave as follows. 
Those which swim against the edge of the drop enter it without re- 
action. If they continue to swim across it, when they come to the 
opposite boundary, where they would, if unchecked, pass again to the 
outer medium, the change in the solution at this point produces 
the characteristic reflex, by which the animals are turned toward the 
smaller lip, and thus must pass back again into the drop. This may 
continue, so that the animal remains in the drop. Others enter in 

1 Garrey ; loc. cit.^ p. 294, Fig. 3 

* Jennings: This journal, 1899, ii, pp. 311-341. 
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the same way and are retained in the same way, so that the drop in 
time contains large numbers of individuals. Frequently an individual 
on entering the drop simply settles down against the slide or cover- 
glass, so that no motor reaction or orientation of any sort is necessary 
to keep it in the drop. The reason why a number of Chilomonads 
collect in the drop of acetic acid is then as follows. When the swim- 
ming individual comes from the outside against the drop of acid, the 
change in passing from the outer medium into the drop is not of such 
a nature as to cause a motor reflex, while the opposite change y from the 
acid to the outermediunty is of such a nature as to produce the motor 
reflex} The further question, of why one sort of change should cause 
a motor reflex, while the opposite does not, is of course here, as in 
other motor reflexes, unanswerable; to determine what agencies will 
cause a motor reflex is always a matter for experiment 

As to the matter of orientation, it is, of course, evident that when a 
Chilomonas enters the drop, it will, as a rule, be so oriented that its 
anterior end is directed approximately toward the centre of diflusion 
of the chemical, otherwise it would not enter the drop at all. If the 
drop in diffusing reaches a number of resting Chilomonads, these 
start to swim ; those which swim toward the centre of the drop are 
not stopped, while those which swim in other directions, coming 
quickly to the edge of the drop, give the motor reflex, and are there- 
fore turned back into the drop. At a certain time then, under these 
circumstances, if the drop is large a considerable number of Chilo- 
monads may be seen swimming with common orientation toward the 
middle region of the drop, since motion m any other direction is 
quickly stopped by the production of the motor reflex. Under or- 
dinary circumstances, however, neither the individuals in the drop 
nor those around it will all show at a given instant a common orien- 
tation. Each organism is in a certain sense oriented whenever the 
motor reflex occurs, in so far as it cannot swim farther in the original 
direction, but may swim in some other direction. But the motor 
reflex does not usually occur in a large number of individuals at the 
same time, and it is only when this occurs that a common orientation of 
a large number of individuals can be expected. In spite of this usuat 
lack of common orientation, the Chilomonads do in time form marked 
aggregations in the drops of acid, in the manner I have described. 

* This is perhaps the most important point for understanding how the collections 
are formed : if it is not clearly apprehended the remainder of the account cannot 
be understood. 
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In the preparations i to i>^ mm. thick, containing, of course, an 
immensely greater number of individuals coming under the influence 
of the stimulus at once, the Chilomonads about the diffusing solution 
do show a common orientation, according to Garrey : " It is easy to 
see that the organisms within this area are oriented with anterior ends 
(those bearing flagella) directed toward the ring, and that they are 
swimming in strictly radial lines, the lines of diffusion, toward the dif- 
fusing drop." ^ This is Garrey's ground for assuming that the aggre- 
gations are not brought about through a motor reaction such as I have 
described ; he states that, on the contrary, these aggregations are due 
to " true chemotropism." As to the nature of chemotropism, he 
quotes with approval Professor Loeb's generalization, " The essence 
of chemotropic orientation would then consist in the animals placing 
themselves in such a position that symmetrical points on the surface 
of the body are cut by the diffusion lines at the same angle." 

Now, in interpreting Garrey's statement as to the orientation of Chi- 
lomonas, it is necessary to recall two points not mentioned by Garrey. 
The first is that Chilomonas is unsymmetrical, so that no " symmet- 
rical points on the surface of the body " are distinguishable, and 
second, that the animal swims in spirals of some width, and not in 
straight radial lines. The statement as to their orientation implies 
then only that their anterior ends are directed in general toward the 
-centre of diffusion, — the lack of symmetry and the spiral path mak- 
ing any more precise statement impossible. 

In the cells I to i>^ millimetres deep that Garrey used the number 
of organisms in a given area is enormously greater than in the prepara- 
tions thus far discussed, and they are not confined to a thin layer, so 
that it is comparatively difficult to observe individuals. Now when the 
diffusing acid reaches a large number of organisms, they at once start 
to swim in various directions. Those which swim away from the cen- 
tre of diffusion quickly come to the outer boundary^ of the acid and 
are turned through the motor reaction back into the acid area; only 
those which swim approximately toward the centre of diffusion (there- 
fore in radial lines) continue on their course unhindered. Hence 
shortly after the beginning of the reaction a large number of animals 

^ IjK. cit.y p. 297. 

* By " outer boundary " I mean, of course, in every case that point where the 
decrease in the concentration of the chemical is sufficient to be perceptible to the 
organism, — /. e,, sufficient to cause a reaction. This ** boundary " is, of course, 
iiot a sharp line ; it varies for different organisms. 
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are seen swimming toward the centre of diffusion, none in the oppo- 
site direction, while a certain number are swimming in scattered 
directions. Now, of course, when out of a confused movement of 
a large number of particles there suddenly arises a movement of a 
considerable proportion of the particles in a definite direction, the 
attention is immediately attracted to the definite movement, and it is 
only by a strong effort that the eye can be brought to attend to the 
individuals that are swimming irregularly in all directions. It would 
be necessary for me to state that my observations did not agree with 
those of Garrey, if by his statement that " the organisms swim toward 
the centre of diffusion along radial lines " he meant that all or ap- 
proximately all the organisms swim in this manner. Certainly no one 
would make such a statement for the aggregations which occur when 
a drop of the acid is introduced into a preparation of the animals in a 
thin layer of water, where the movements of the individuals can be 
observed. Garrey does not state that all the organisms swim in 
radial lines, nor does he give any idea of the proportion that doea 
so. Indeed, he gives distinctly the impression that this precise 
common orientation is not, as a rule, very msfrked (which would 
agree with my observations) when he says that " this migration [along 
radially disposed lines toward the centre of the diffusing drop] was 
most markedly evident in two or three^ experiments in which the 
organisms were gathered very densely about debris situated some 
distance from the mouth of the diffusion tube. As soon as they came 
under the influence of the diffusing acid the organisms left the debris 
and fairly swarmed into the acid."^ This observation, of course, ac- 
cords perfectly with the account I have given of the way orientation 
takes place. Coming under the influence of the stimulus, the large 
number of organisms about the debris at once begin to swim (owing 
to Carrey's " chemokinesis," or my own " reaction to a weak stimu- 
lus ").^ But only those which swim toward the centre of diffusion can 
continue their course; others come quickly against the boundary of 
the fluid and are stopped and turned (through the motor reflex) till 
they too finally come into a direction approximately toward the 
centre. Thus in a moment after the beginning of the reaction a 
stream of organism^ is seen passing toward the centre of diffusion, 
as Garrey has described. (See the analogous phenomena in the 
case of Paramecium in thermotaxis.*) 

1 Italics mine. « Studies, etc., V. (loc. cit.)j p. 232. 

* Loc. cit.^ p. 310. * Studies, etc., II. {loc, cit.). p. 335. 
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It seems to me, therefore, that there is no disagreement between 
Garre/s observations and my own, in this matter. Chilomonas col- 
lects in regions of weak acetic or butyric acid through the agency of 
the motor reflex described in the fifth of my Studies, in a manner 
exactly analogous to the collections of Paramecia in drops of acid, 
described in the second of my Studies.^ 

Whether these phenomena should be called chemotropism, or 
chemotaxis, or chemokinesis (the term proposed by Garrey), of course 
depends on the definition to be given to these words. I have hitherto 
used the name (chemotaxis) which was employed before the exact 
character of the phenomenon was known, preferring to let nature 
supply the definition. I find it difficult to determine whether the 
method of reaction described above falls within the definition of 
chemokinesis given by Garrey or not. 

* Loc, «'/., p. 315. 
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STUDIES ON REACTIONS TO STIMULI IN UNICELLU- 
LAR ORGANISMS.— VII. THE MANNER IN WHICH 
BACTERIA REACT TO STIMULI, ESPECIALLY TO 
CHEMICAL STIMULI 

[From th^ Zoological Laboratory of the University of Michigan^ 
Jacob Reighard, Director.] 

By H. S. JENNINGS and J. H. CROSBY. 

IN earlier numbers of this series of studies the manner in which 
ciliate and flagellate infusoria react to various stimuli has been 
described. It has been shown, especially in the second,^ fourth,^ and 
fifth ^ of these papers, that the so-called tactic phenomena of these 
organisms are not as a rule due to an orientation, or direct turning of 
the organism to or from the source of stimulus, as has often been 
assumed to be the case. On the contrary, the phenomena are due to 
a definite movement or reflex action, produced by the stimulating 
agent, and always taking place in essentially the same manner. The 
organisms when stimulated by a chemical, by heat, by cold, by 
mechanical shock or other similar agent, swim backward and turn 
toward a structurally defined side. * To this simple reaction is due 
the collecting of the organisms in certain regions and their apparent 
avoidance of other regions, — the so-called positive and negative 
chemotaxis, thermotaxis, etc. (The reaction to the electric current 
is complicated by other factors). 

Early in the progress of the work, it was incidentally observed in a 
number of cases that the bacteria have an analogous method of re- 
action. At that time opposition had developed in certain quarters to 
the account given in these studies of the method by which the so- 
called tactic phenomena take place in the infusoria. In view of this 
fact, and the further fact that Pfeffer in his classical studies on the 
reactions of unicellular organisms had distinctly asserted * that the 

1 This journal, 1899, ii, pp. 311-341. » Ibid,^ 1900, iii, pp. 229-260. 

2 Ibid,, pp. 355-379- 

* " Dass die Ansammlungen nicht etwa nur zu Stande kommen, weil die zufal- 
lig einschwarmenden Organismen beim Versuch des Entfliehens zuriickschrecken, 
lehrt die direkte Beobachtung." — Pfeffer, Untersuchungen aus dem botanischen 
Institut, Tubingen, 1888, ii, 648, note. See also ibid., 1884, i, 464. 
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reactions of the bacteria were not of the nature which our observa- 
tions showed them to be, it was not deemed worth while to publish 
an account of these reactions of the Bacteria until the description 
given of the reactions of the infusoria had been confirmed. This 
description has now been confirmed and extended to other organisms 
by various observers. A careful study of the movements and re- 
actions of certain bacteria was therefore undertaken during the past 
winter, with the intention of publishing the results of the investi- 
gation. 

This work was entirely finished when the valuable paper of 
Rothert/ dealing partly with the same subject, appeared. This 
paper, so far as it covers the same ground, agrees throughout with 
our own observations and clearly establishes the fact that the re- 
action method of the bacteria to chemicals is not by an orientation, 
but is analogous to that of the infusoria, as described in these studies. 

As the subject is of much interest, and as our work was done from 
a different standpoint from that of Rothert, with different meth- 
ods and, to a certain extent, different organisms, a brief account 
of our own observations will not be superfluous even after the publi- 
cation of Rothert's paper. In a field where so much uncertainty and 
disagreement exists, the mutual confirmation of two investigators 
working independently is of importance. For a discussion of the 
literature and of the general bearing of the results, reference should 
be made to the paper of Rothert. 

The bacteria studied by us were those occurring in cultures of hay 
and of aquatic plants decaying in water. Two species of Spirillum, 
apparently Spirillum volutans and S. undula, were selected for 
special investigation. 

The gross features of the reactions of bacteria to chemicals, as 
usually shown, are well known through the work of Engelmann,^ 
Massart,^ Verworn,* and others. Particularly striking is the reaction 
to oxygen. The bacteria, mounted on a slide and covered with a 
cover glass, collect (i) about bubbles of air; (2) about the edge of 
the cover glass, next to the air; (3) about green plant cells, diatoms, 
desmids, etc., which are giving off oxygen through the action of 

* Rothert: Flora, 1901, Ixxxviii, pp. 371-421. 

^ Engelmann : Archiv fiir die gesammte Physiologic, 1881, xxv, pp. 285-292. 

* M ASSART, J. : Bulletin de TAcaddmie royale de m^decine de Belgique, 1891 
(3), xxii, pp. 148-167. 

** Verworn : Psychophysiologische Protistenstudien, 1889, pp. 103-106. 
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the chlorophyll. (See in Verworn*s General Physiology, Figs. 211 
and 214, and Davenport's Experimental Morphology, Part 1, Figs. 
3-5 «.) Such collections may be observed in any preparation con- 
taining the ordinary bacteria of decay. 

How are these collections formed } Do the bacteria turn and 
direct their course toward the centre of diffusion of the oxygen, — 
proceeding directly toward the region of greatest oxygen density? 
Or are the collections brought about more indirectly, in a manner 
similar to that by which Paramecium dollects in regions containing an 
acid } 

Before describing the observations by which this question is 
answered, it will be necessary to give a brief account of the form and 
usual movements of the organism Spirillum. 

Spirillum volutans forms an elongated rod, very slender, with a 
length of from 1 5 to 50 /t. It is curved into the shape of a spiral of from 
two to six turns, so that it resembles a corkscrew in form. At each 
end of the spiral are found one or two flagella. There is no observ- 
able difference between the two ends of the organism, nor is there 
any marked differentiation of two sides, such as distinguishes oral 
and aboral sides in Paramecium, for example. 

Movements. — Spirillum swims in the direction of the long axis of 
the spiral by means of its flagella. At the same time it revolves, the 
revolution following the direction of the spiral, and being therefore 
(usually at least) from left over to right, if one faces in the direction 
in which the organism is swimming. At intervals the movement is 
reversed, the organism swimming then with the opposite end in 
advance, and revolving in the opposite direction. As a rule, neither 
end seems to be preferred as the anterior one. Spirillum swimming 
indifferently in either direction. Given individuals are observed, how- 
ever, at times to swim for long periods with a certain end in advance, 
the reversals lasting but a moment. 

Occasionally an individual may be seen revolving on its long axis 
without progressing in either direction, while in other cases there is a 
rapid whirling on a tranverse axis. But these methods of movement 
are rare. 

''Chemotazis." — If the Spirilla are mounted on a slide beneath a 
cover-glass, in company with some desmids or other green algal 
cells, after a time they will be observed to have formed collections 
about the algae, as illustrated in the figures referred to above. How 
does this occur? 
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Careful observation shows the course of events to be as follows : — 

At the beginning the bacteria are scattered uniformly throughout 
the preparation. They are swimming rapidly in all directions. At 
first they pass close to the green plant cells without any reaction 
whatever. The algae begin, in the light, to give off oxygen, so that 
after some time each desmid or other alga roust be conceived as sur- 
rounded by a zone of water impregnated with oxygen. 

Now begins the collection of the Spirilla about the algae. The 
bacteria surrounding the algae do not change their direction of motion 
and swim toward the centre of diffusion of the oxygen. On the 
contrary, all continue to swim in the same direction as before. A 
Spirillum passing close to the alga into the oxygenated zone does 
not at first change its movement in the least. It swims across the 
zone till it reaches the other side. It is here that the reaction occurs ; 
the organism reverses its movement and swims in the opposite direc- 
tion till it reaches the opposite boundary of the oxygenated area. It 
then reverses again, and this is continued, — the direction of move- 
ment being reversed as often as the organism comes to the boundary 
of the zone of oxygen. The Spirillum therefore remains within the 
area, which thus acts like a trap. Other Spirilla, swimming at random, 
enter the area in the same way, react at the outer edges in the same 
manner, and remain. In the course of time therefore the zone of 
oxygen swarms with Spirilla. 

There is thus no orientation shown either by the organisms within 
the area or by those outside. Within^ the Spirilla are swimming in 
all directions, crossing each other's paths at every angle, and agree- 
ing only in the fact that the movement is reversed on coming to the 
boundary of the zone of oxygen. A single individual may be seen 
to oscillate back and forth from one side of the area to the other an 
indefinite number of times. Withouty movements are occurring 
absolutely without relation to the position of the alga and its oxygen 
zone. Many Spirilla pass close to the edge of the zone, but do not 
enter unless their original course carries them directly into it. Many 
of the bacteria therefore remain scattered throughout the preparation, 
not gathering about the algae, no matter how long the slide is allowed 
to stand. But through their continued movement in all directions, 
dense groups are soon formed about the algal cells. 

It is evident therefore that the collections of bacteria arise through 
the agency of a " motor reflex " essentially similar in character to 
that of the infusoria, described in previous numbers of these studies. 
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This motor reflex consists in the bacteria in a reversal of the direction 
of movement, upon stimulation. The direct cause of the reaction is 
a change in the nature of the surrounding medium. In the cases 
already described, it is the change from water containing much oxygen 
to water containing little oxygen. The " boundary " of the oxygen 
zone, above spoken of, is of course merely the region where the 
change in oxygen density is sufficiently great to cause the reaction. 

The bacteria collect in exactly the same manner about air bubbles, 
and about the edge of the cover-glass, next to the air. In these 
cases the bacteria usually collect in a narrow zone a short distance 
from the air surface. If their movements be observed here, it will be 
found that the reversal of motion is brought about in two different 
regions, (i) The passage from the optimum zone of oxygen to a region 
having less oxygen pressure causes the reaction. (2) Passage from the 
optimum into a region having greater oxygen pressure, — next to the 
air surface, — causes the reaction with even greater precision than 
the opposite change. The Spirilla therefore remain in the narrow 
optimum zone a short distance from the bubble or the edge of the 
cover-glass. 

The above phenomena are cases of what has been spoken of as 
" positive chemotaxis." " Negative chemotaxis," or the avoidance of 
regions containing certain chemicals, takes place in the same manner, 
save that the reaction occurs when the organism comes, from the 
outside, against the outer boundary of the area in question. Thus, if 
a drop of a ^ per cent solution of sodium chloride be introduced beneath 
the cover-glass by means of a capillary pipette, the following phe- 
nomena will be observed. The bacteria do not orient themselves and 
move in radial lines away from the centre of diffusion of the salt 
solution. On the contrary, all move in random directions, as before. 
But on coming against the outer boundary of the salt solution, the 
organism reacts by reversing the direction of its movement. Hence 
it does not enter the drop. As every Spirillum that comes in con- 
tact with the drop reacts in the same way, the drop remains empty. 

Solutions of most acids, alkalies, and salts act in the same manner, 
so that a drop of any of them (of sufficient concentration) remains 
empty when introduced beneath the cover-glass. 

In addition to the observations on Spirilla, the reactions of a num- 
ber of the other bacteria found in decaying vegetable matter were 
studied. In every case the reactions took place in the manner above 
described for Spirillum, so that there can be no doubt that this 
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method is of general occurrence among the bacteria. In this respect 
our results agree throughout with those of Rothert.^ 

The same method of reaction often occurs when the bacteria strike 
against a solid obstacle. The movement is reversed, the organism 
swimming in the opposite direction. 

This manner of reaction was first observed by Engelmann in the 
reaction of Bacterium (Chromatium) photometricum to light.^ If a 
small circumscribed area on the slide is lighted from beneath, the 
bacteria, swimming at random, pass into this area in the same man- 
ner as described above for an area of oxygen. On attempting to pass 
from this light area into the dark, this organism, according to Engel- 
mann, suddenly reverses its movement and swims backward, — thus 
remaining in the lighted area. This reversal lasts in the case of 
Bacterium photometricum but a short time, the organism beginning 
soon to swim forward again. This is due to the fact that this bac- 
terium has flagcUa only at one end and normally swims with that end 
in advance. The reversal of the movement is therefore soon followed 
by a return to the original direction. This reaction was called by 
Engelmann a " Schreckbewegung; *' it is clearly identical with the 
** motor reflex " described in these studies. 

Bacteria thus react to chemicals, to mechanical obstacles, and to 
light (or darkness) in the same way, — by a "motor reflex," com- 
parable to that of the ciliate infusoria. 

This method of reaction is denominated by Rothert apobatic taxis, 
in contradistinction to strophic taxis, which consists in a turning of 
the organism toward or from the source of stimulus, so as to bring 
the axis of the body into a definite orientation with respect to the 
stimulus. The bacteria would thus show apobatic chemotaxis and 
apobatic phototaxis, using this method of denomination. The really 
fundamental phenomenon in these cases is the definite reflex action 
produced by the stimulus ; whether aggregation or scattering of the 
organisms occurs and where it occurs, depend merely on what 
agencies produce this reflex. 

The ** motor reflex " of the bacteria differs from that of the infusoria 
in the same way that the form and structure of the body differ in the 
two cases. In such bacteria as Spirillum there is no differentiation 
as between the two ends, or between the two sides of the organism. 
In correlation therewith, movement takes place indifferently in the 

1 Loc. n't. 

2 Engelmann : Archiv fiir die gesammte Physiologic, 1883, xxx, 95-124. 
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direction of either end, and the motor reflex consists merely of a 
reversal of the direction of the movement, — without subsequent 
return to the original direction except as a response to a new stimulus. 
In the infusoria there is a differentiation both between the ends and 
between the sides of the animal. The movements reflect these 
differentiations. The organism swims normally with a certain end in 
advance, and usually swerves toward a certain side. The motor 
reflex consists in a reversal of the direction of movement, so as to 
swim toward the opposite end, together with a turning toward a 
definite side, and this is always followed soon by a return to the 
original motion with the anterior end in front. In the case of Engel- 
raann's Bacterium photometricum we have an interesting intermediate 
condition. Here there is a differentiation between the two ends of 
the organism, only one bearing flagella, while apparently all sides are 
alike. The reaction to a stimulus consists in a reversal of the direc- 
tion of movement, as in the other bacteria, but without any turning 
toward a certain structurally defined side, such as occurs in the 
infusoria. But the reaction is followed, as it is in the infusoria, by a 
return to the original direction of movement. The reactions thus 
give throughout, in their simplicity or complexity, a faithful reflection 
of the structure. 
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IT is well known that when certain infusoria are left undisturbed 
they do not remain scattered, but gather in more or less dense 
groups. Thus, if they are mounted on a slide in a thin layer of water, 
soon dense aggregations will be formed in certain areas, while the re- 
mainder of the slide will be nearly deserted. One of the first investi- 
gators to describe this phenomenon was Pfeffer.^ He observed its 
occurrence in Glaucoma scintillans, and less markedly in Colpidiumcol- 
pK>da, Stylonychia mytilus, and Paramecium. Pfeffer was inclined to 
believe that these aggregations were due, partly at least, to a con- 
tact stimulus, resulting from a striking of the organisms against 
small solid bodies, and especially against each other. 

In the first of this series of studies,^ this phenomenon in the case 
of Paramecium was subjected to a thorough examination. It was 
demonstrated that while the contact stimulus plays a certain part 
in the production of these aggregations, the chief factor involved is 
a reaction to carbon dioxide. The Paramecia tend to gather into 
regions where the water is impregnated with this substance. Since 
the animals themselves produce carbon dioxide in their respiratory 
processes, any spot where a few have gathered (owing to the contact 
stimulus or for any other reason), becomes a centre for the produc- 
tion and diffusion of this substance. Therefore other Paramecia collect 
here ; more carbon dioxide is produced ; more Paramecia collect, and 
in time a dense aggregation is formed. It was farther shown that this 

1 Pfeffer: Untersuchungen aus dem Botanischen Institut, Tubingen, 1888, ii, 
p. 618. 

2 Jennings: Journal of physiology, 1897, xxi, pp. 258-322. 
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effect of carbon dioxide is due to the fact that it forms in water an 
acid solution ("carbonic acid'*) — the Paramecia collecting in the 
same way in any substance having a weakly acid reaction. 

As the other infusoria which form similar aggregations of course 
likewise produce carbon dioxide in their respiratory processes, it 
seems very probable, as was pointed out in the paper just referred 
to, that the same factors are at work here as in the case of Parame- 
cium ; that the spontaneous aggregations formed are due to the ten- 
dency of the organisms to collect in carbonic acid. This probability 
has been set forth also by later investigators, as for example in the 
recent paper of Rothert.^ But no one has hitherto undertaken to 
determine by experiment in how far this may be true. 

This is the problem which the study here presented has attempted to 
solve for a certain number of infusoria (sixteen species). The primary 
question to be answered is therefore as follows : — Are the spontane- 
ous aggregations formed by certain species of infusoria due to their 
gathering in carbon dioxide excreted by themselves } The investiga- 
tion involved a test of the reactions of the organisms studied both to 
carbon dioxide and to acids in general, and at the same time brought 
out a number of points as to the method in which the reactions of the 
organisms are produced ; these secondary matters are likewise set 
forth briefly in the following paper. 

Methods. 

The method of experimentation most used was that described in 
the first and second ^ papers in this series of studies. The organisms 
were studied 'in a thin layer of water, by mounting them on a slide 
covered with a large cover glass supported near its ends by slender 
glass rods. Their reactions were tested by introducing with a capil- 
lary pipette a drop of the substance in question beneath the cover 
glass, or in some cases by allowing it to diffuse inward from the side 
of the cover glass. In the case of gases, as carbon dioxide, it was 
found very convenient to proceed as follows. The gas is introduced 
into a large rubber bulb, such as is used with syringes or atomizers. 
To this is attached by the rubber tube a glass tube drawn out to a fine 
point. By inserting the point beneath the cover glass and pressing 
the bulb, a bubble of gas is introduced into the preparation. Where 

^ Rothert: Flora, 1901, Ixxxviii, p. 402. 

*^ Jp:nnings : This journal, 1899, ii, pp. 311-341. 
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still different methods were used, these are mentioned in the account 
of results. 

In attempting to determine the reactions of organisms to carbon 
dioxide, it is of course absolutely necessary that there should be no 
considerable quantity of this substance already present in the water. 
And since the organisms are continually producing carbon dioxide in 
appreciable quantities, some method of getting rid of the gas is a prac- 
tical requirement of the highest importance. The simplest method is 
to aerate the water thoroughly immediately before each test. This 
may be don^ as follows. Place a few drops of the fluid containing the 
organisms, — as much as will be placed on the slide at once, — in a 
watch glass ; then with a clean pipette inject it repeatedly over the 
surface of the watch glass, force bubbles into it, and mix it thoroughly 
with the air. Then place on the slide, cover, and perform tjie tests at 
once. Repeat the aeration before every test, as it requires only a very 
short time for water crowded with organisms to become impregnated 
with carbon dioxide. Of course it is not reasonable to expect organisms 
to gather in carbon dioxide when the water in which they are found 
already contains this substance in the optimum concentration. This 
precaution is equally necessary in testing other acids, as it is the com- 
mon factor in all acids to which the effects of the carbon dioxide are 
due. 

This or an equally efficacious method of aeration is an absolute 
necessity, if clear cut and constant results are to be obtained with 
carbon dioxide or acid solutions in general. This cannot be too 
much insisted on. Sometimes definite reactions will be obtained 
without aerating the water, in case it happens not to be already 
impregnated with carbon dioxide, but a little later the same organ- 
isms may give negative results. 

A second precaution worthy of mention is the necessity of having 
the water containing the organisms relatively free from debris: — fila- 
mentous bacteria, and the like. Most of the infusoria are markedly 
thigmotactic, tending to come to rest upon coming in contact with 
small solid bodies. If a preparation contains a network of fine bacte- 
rial filaments, frequently the infusoria will not gather in the acid at 
all, but remain at rest on the filaments, while if the filaments are 
removed, as by straining through coarse cloth, marked positive re- 
action is at once obtained. 

No attempt was made to determine quantitatively the exact strength 
of solution to which the organisms react. The purpose of the work 
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was to determine whether the organisms do or do not give at any 
concentration a certain reaction to the substances in question. This 
was accomplished by beginning with a concentration so slight that 
the organisms did not react to it at all, and gradually increasing the 
strength till the solution is destructive. Somewhere between these 
limits will be found the characteristic reaction of the organisms. The 
value of quantitative determinations of the exact concentrations of 
acids to which the organisms react is largely illusory, in the majority 
of cases, as this varies with the amount of carbon dioxide present in the 
water, — a factor not under exact control. It varies also apparently 
with organisms from different cultures, and with the thickness of the 
layer of water in which the infusoria are confined. In experimenting 
with carbon dioxide especially, it is impracticable to attempt the use 
of solutions of known strengths ; the introduction of a bubble of gas 
into the preparation gives all concentrations, from saturation next to 
the bubble to zero at some distance from it. 

In the following account of the work, the organisms will be taken 
up in the order suggested by the nature of the results obtained. 



A. Organisms which collect in Solutions of Carbonic and 

OTHER Acids. 

Chilomonaa Paramecium. — This small flagellate is perhaps the com- 
monest and most abundant member of the group to which it belongs. 
It is therefore the most accessible form for experimentation on the 
Flagellata, and it will probably usually be employed when work on 
this group is undertaken. It is therefore important that the funda- 
mental facts as to its reactions should be well established. An exten- 
sive piece of work has already been done by Garrey ^ on the reactions 
of this organism to chemicals, especially to acids. To our great 
regret we were compelled to come to results essentially different 
in some respects from those set forth by Garrey. It is unfortunate 
that there should be such disagreement, as this is likely to result in 
leaving the subject doubtful in the minds of other investigators. We 
believe however that we are able to point out exactly the factor to 
which the differing results are due, and to show that Carrey's results 
would probably not have differed from our own if this factor had been 
taken sufficiently into consideration. This factor is the normal pres- 

1 Garrey: This journal, 1900, iii, pp. 291-315. 
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ence of an acid, — a solution of carbon dioxide excreted by the organ- 
isms, — in the fluid in which Chilomonas occurs. 

Reaction to carbon dioxide, — Water containing Chilomonas is 
aerated in the manner above directed, and any bacterial filaments 
are removed by straining through coarse cloth. It is then placed on 
a slide, covered, and a bubble of carbon dioxide introduced. At first 
there is no gathering of the organisms, but soon they begin to collect 
about the bubble of gas, and gradually a dense ring is formed. Fig. 1 
gives the general appearance of the progress of the experiment ; it 
was taken from an actual preparation. 

This experiment we have repeated many times, always (when the 
conditions were properly fulfilled) with the same results. The ex- 





FiGURE 1, a. Figure 1, b. 

Figure 1. — Reaction of Chilomonas to a bubble of CO.,,. /^ Preparation immediately 
after the introduction of the bubble, before the organisms have collected, b^ The 
same preparation a few minutes later, showing the dense collection of infusoria 
about the bubble. 

periments succeed equally well in the apparatus used by Garrey, and 
figured on page 294 of his paper. With a long capillary pipette a 
bubble of carbon dioxide can be introduced into the chamber beneath 
the cover glass. The flagellates at once gather about it in a dense 
ring, while they do not thus gather about bubbles of air similarly 
introduced. 

Chilomonas thus gathers about bubbles of carbon dioxide in dense 
collections, just as Paramecium does. The conditions above referred 
to as necessary of fufilment are (i) that the carbon dioxide should be 
properly removed from the water just before making the experiments ; 
(2) that the bacterial filaments and other debris in the water should 
be largely removed. 

The justification of the first condition is at once seen. It is idle 
to test the organisms with carbon dioxide when they are already 
immersed in a solution of that substance. It is undoubtedly to a 
neglect of this precaution, which is nowhere so much as referred to 
by Garrey, that the negative results of this investigator are due. 
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The necessity for the removal of the debris is evident on examining 
the behavior of the organisms. Chilomonas is very strongly thig- 
motactic ; if when swimming through the water it comes in contact 
with a bacterial filament or bit of debris of any sort, it at once 
attaches itself by one of its two flagella, and comes to rest. Thus, in 
a preparation containing such filaments, all the individuals will soon 
be found quietly attached, which of course prevents their collecting 
anywhere. 

Reaction to other acids, — To what factor is the collecting in the 
solution of carbon dioxide due? Is it, as in the case of Paramecium, 
due to the acid qualities of this solution (to the H ions, according to 
the dissociation theory) } To answer this question, tests were made 





Figure 2, a. Figure 2, b. 

Figure 2. — Reaction of Chilomonas to a drop of ^ % HCl. <j, Preparation immediately 
after the introduction of the drop (no organisms either within or gathered about the 
drop), bf The same preparation a few minutes later. 



with Other acids, and the organisms were found to collect in weak 
solutions of these exactly as in the carbon dioxide solution. These 
results were clear cut and unmistakable ; they were obtained with 
hydrochloric, nitric, sulphuric, acetic, formic, butyric, propionic, 
citric and oxalic acids. 

As a control, the organisms were tested with distilled water; no 
gathering was formed about or in it at any time, but the organisms 
remained quite neutral in their behavior toward it. 

The details of the phenomena vary with the strength of the acid 
solution used. With a stronger solution (say -^ per cent HCl), the 
animals gather in a dense ring about the margin of the drop, leaving 
vacant the area within, containing the stronger acid (Fig. 2). With 
a weaker solution the organisms gather into the interior of the drop, 
leaving no part of it vacant (Fig. 3). 

No characteristic difference was to be observed between their 
behavior to inorganic acids, such as HCl and HNO3, and that 
toward organic acids, such as acetic and butyric, save that of course 
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different concentrations were required to produce the same result. 
In Carrey's work, the results obtained with inorganic acids differed 
from those obtained with certain organic acids. Carrey, studied the 
organisms in a much thicker layer of water, and introduced the acid 
through a tube-like opening at one side of the preparation. He 
observed that a dense gathering was formed about hydrochloric acid, 
but explained this as follows : When the strong acid reaches the 
organisms they begin at once to swim violently. This soon takes 
them outside of the area of acid, leaving it clear. On reaching the 
outer boundary, they stop, since there is no further cause for move- 
ment, thus forming a dense aggregation just outside the drop. " That 
in the zone surrounding the area there is a dense gathering (in other 



Figure 3. 
Figure 3. — Collection of Chilomonas within a drop of yjg% HCl. 

words that there is a ring formation) is in my opinion due to the fact 
that those individuals which were in the clear area are now gathered 
in the space immediately surrounding it " (Jtoc. cit,, p. 296). The 
result is thus in a sense accidental, and would occur with any chemi- 
cal which had the property of setting the organisms in violent move- 
ment. In Carrey's experiments no gathering was ever formed in the 
centre of a drop of inorganic acid, no matter how weak it was. 

In our own work, the gatherings which occurred in drops of inor- 
ganic acids, were clearly not explicable in this manner, (i) When 
the drop was first introduced (Fig. 2 a) there were no individuals 
either within the drop or forming a ring about it. Later a dense 
ring was slowly formed (*). As there had been no individuals 
within the drop, of course the ring was not formed by individuals 
moving out of the drop and then stopping. Moreover, the process 
of ring formation is clearly evident to observation ; it is due to the 
swimming of organisms into the ring from outside. (2) If a weak 
solution of acid is used, it is at first empty, but later becomes com- 
pletely filled with organisms (Fig. 3). This of course could not 
possibly take place in the way assumed by Carrey. Collections 
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of this sort were observed in the case of all inorganic acids studied. 
They were ndt formed when distilled water alone was used. (3) The 
gatherings about bubbles of carbon dioxide of course could not 
occur in the manner described by Garrey, as the bubble contained no 
individuals to move out and form a ring. 

In the case of the organic acids, the phenomena observed by us 
were precisely parallel to those occurring in inorganic acids. It is 
possible that the gatherings formed last longer in the case of some 
organic acids, though to us this seemed not usually very marked. 

The results obtained by Garrey with organic acids varied much in 
different cases. With oxalic, formic, citric, succinic and valerianic 
acids the phenomena were the same as with inorganic acids; i,e,y a 
clear area was formed, sometimes with a ring of organisms surround- 
ing it (if the acid was strong) ; this ring formation Garrey explained 
as in the case of inorganic acids. 

*' Malic, tartaric and mandelic acids produce a clear area, often with 
a ring about it. In the formation of the ring, the phenomena were 
so inconstant that I was unable to say that it was or was not due to a 
migration of the organisms from without to it " (Joe, cit,, p. 307). 

Finally, with acetic, butyric and lactic acids, a clear area surrounded 
by a dense ring was formed, and Garrey was able to assure himself 
that the ring formation was due to a migration of the organisms from 
the outside. 

Thus Garrey's results with acids can be placed in thi*ee categories, 
(i) Some showed a ring formation, which in the author's opinion was 
due merely to the driving of the organisms out of the area in which 
the acid was found. (2) Some gave such inconstant results that 
the author was not certain what he should conclude about them. 
(3) Some showed a ring formation of such density and clearness 
that it was evident that the organisms came from outside of the 
acid area. 

Now this inconstancy and uncertainty in the results with acids is 
exactly what is obtained when the carbon dioxide is not removed 
from the water by thorough aeration before each experiment. The 
culture water contains varying amounts of carbon dioxide and in some 
cases a part of it is accidentally driven off in the manipulations pre- 
paratory to the experiments, in other cases not. The presence of 
carbon dioxide means also the presence in the water of whatever it 
is that gives acids their characteristic qualities. Hence in such a fluid 
the organisms are already in an acid solution and naturally do not 
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react with any precision when an acid is introduced, while in cases 
where the carbon dioxide is partly or entirely driven off, distinct 
reactions are obtained ; the results thus become inconstant and 
uncertain. After careful removal of the carbon dioxide before 
every experiment, the results with all acids are, according to our 
observations, essentially the same. — i.e., a ring or group is formed 
by immigration of the organisms from the outside. It was this 
same neglect to remove the carbon dioxide from the water that led 
Garrey to deny the results with Paramecium, though these are demon- 
strable with ease. 

In view of the contrasted results obtained by Garrey on the one 
hand and by ourselves on the other, it is much to be desired that 
some third person should reinvestigate the reactions of Chilomonas, 
testing the various methods used, observing the precautions set 
forth, and perhaps taking counsel by correspondence or conversa- 
tion with both sides, that there may be no omission which might 
seem to vitiate the work. It remains of course possible that Chilo- 
monas from different cultures reacts differently, though we have used 
dozens of different cultures and have observed no such difference. 

Our own results on Chilomonas may now be summarized. This 
organism reacts to carbonic and other acids just as Paramecium 
does, forming dense collections in localized areas, where carbon diox- 
ide is present. The spontaneous aggregations sometimes formed by 
Chilomonas may therefore be due to their collection in carbon dioxide 
excreted by themselves. 

Cyclidium glaucoma. — This ciliate infusorian likewise gathers in 
carbon dioxide and in solutions of acids in general. The collections 
thus formed are dense and lasting. Cyclidium was not observed to 
form spontaneous collections, though this may occur. 

Colpidium colpoda. — This is one of the infusoria which was 
described by Pfeffer as collecting spontaneously into groups. It reacts 
to solutions of carbon dioxide and other acid solutions, just as Para- 
mecium and Chilomonas do, gathering in dense aggregations about a 
bubble of COg, or in a drop of weak acid. It is therefore probable that 
the spontaneous groups are due to carbon dioxide. If Paramecium 
and Colpidium are mounted together, they will gather spontaneously 
into groups, each group containing both kinds of infusoria, the boun- 
dary of the groups being practically the same for each. The cause of 
the grouping is thus evidently the same in the two cases. 
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B. Organisms which form Spontaneous Gatherings, but do 

NOT COLLECT IN SOLUTIONS OF CaRBONIC OR OTHER AciDS. 

Oxytricha aeruginosa. — This organism, when mounted on a slide, 
forms spontaneous groups which are similar in every respect to 
those formed by Paramecium. The method of reaction to a stimulus 
in Oxytricha is by backing, and turning to the aboral (or right) side, 
— the side which is not notched. If the organisms are at first scat- 
tered uniformly throughout the preparation, they will soon be found to 
be forming groups in one or more regions. If the individuals within the 
groups are observed, they are found to be swimming hither and 
thither in all directions. But when one comes to the outer boundary 
of the group, it at once swims backward a short distance, turns 
toward the aboral side, and then starts forward again. As this hap- 
pens every time the boundary of the group is reached, the animal 
remains within it. Individuals outside, whose course carries them by 
chance into the areas where a group is forming, do not react at all as 
they enter the area. But after swimming across, they do react as 
above described upon coming to the outer boundary of the area. 
Hence every Oxytricha that enters a group remains within it, and 
after a time a dense aggregation is formed. The groups thus pro- 
duced increase in area, spreading out regularly, but maintaining a 
definite boundary. 

The phenomena seem thus in every way identical with those ob- 
served in the case of Paramecium (see the first and second of these 
studies). It might therefore be reasonably expected that the cause 
would be found to be the same. But experiment shows that this is 
not the case ; Oxytricha aeruginosa does not collect in regions where 
carbon dioxide is present, nor in other acid solutions. If a bubble of 
carbon dioxide is introduced into the preparation, the Oxytrichas do 
not gather about it, but on the contrary give their " motor reaction " 
when they come into its neighborhood, — reversing the direction of 
movement, and turning toward the aboral side. They thus leave the 
space about the carbon dioxide empty. Toward drops of acid solu- 
tions of all sorts they react in the same manner. 

If Oxytricha and Paramecium are present in the same culture, or 
if the two are mixed together and experimented upon in the usual 
way, the results are as follows. The Paramecia collect about the 
bubble of carbon dioxide, or in the drop of acid, at once; the Oxy- 
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trichas do not. Thus a separation of the two kinds of infusoria is 
soon brought about. 

If Oxytricha and Paramecium are mounted together and the slide 
is allowed to stand for a time, both kinds of infusoria will form spon- 
taneous groups, but the two groups are quite separate. The Paramecia 
gather in one region, the Oxytrichas in another. Individuals of either 
kind may pass directly across the groups formed by the other, or 
swim in and out of the area where the other group occurs. The 
groups are thus clearly due to different causes in the two cases. 

Oxytricha therefore forms spontaneous gatherings similar to those 
of Paramecium, but not due to the same cause. It seems evident that 
Oxytricha must excrete some other substance, not an acid, which acts 
upon it in the same way that the excreted carbon dioxide acts upon 
Paramecium. The nature of this substance remains to be discovered. 

Loxocephalus granulosus. — In the case of this organism the 
facts are closely parallel to those described for Oxytricha aeruginosa. 
It forms spontaneous gatherings, but does not collect about bubbles 
of carbon dioxide nor in acid solutions in general. Mounted on the 
same slide with Paramecium, the two organisms form separate groups 
in different regions of the preparation. Clearly, Loxocephalus, like 
Oxytricha, excretes some substance which brings about the collec- 
tions, but this substance is not carbon dioxide. 

In preparations containing both Paramecium and Loxocephalus, 
the following may be observed as to the relations of the two organ- 
isms. Loxocephalus swims in and out of the groups of Paramecia, 
paying no attention to the limits so strictly observed by the Paramecia. 
In the same way Paramecium swims indifferently in and out of the 
groups of Loxocephali, when the latter groups arc first forming. 
But after a group of Loxocephali has become well established and 
contains very large numbers of individuals, a Paramecium passing 
accidentally into the group usually remains there. Thus after a time 
a considerable number of Paramecia may be mingled with the Loxo- 
cephali. The Paramecia swim about freely within the group, but 
turn back on coming to an outer limit. It is to be noted that this 
outer limit is not the same as that which turns back the Loxocephali, 
but lies a little outside of it, so that the area in which the Paramecia 
are confined is larger than that which limits the Loxocephali, inclos- 
ing the latter. 

These phenomena are probably to be explained as follows. 
Loxocephalus is not affected by carbon dioxide, therefore does not 
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gather in the groups formed by the Paramecia, but swims in and out 
of them indifferently. But it does excrete some other substance, not 
of an acid nature, into which it gathers; hence the spontaneous col- 
lections formed. To this substance Paramecium is indifferent, hence 
it swims indifferently in and out of the groups of Loxocephali, at first. 
But of course Loxocephalus produces carbon dioxide in its respiratory 
processes, hence after a group of these organisms has been formed 
for some time^ the water becomes impregnated with carbon dioxide, 
as well as with the other (hypothetical) substance. Paramecia now 
passing into the group remain, owing to the carbon dioxide. The 
areas over which the carbon dioxide and the hypothetical substance 
are effective are not identical, that for the carbon dioxide being a little 
larger; hence the limit of the excursions of the Paramecia is outside 
that for the Loxocephali. 



C. Organisms which do not collect in Carbonic or other 
Acids, and which were not observed to form Spon- 
taneous Gatherings. 

The following organisms were tested with carbon dioxide and with 
solutions of various acids in the same manner as those hitherto 
described. Every precaution was taken to remove the carbon dioxide 
from the water before making the tests, and the experiments were 
repeated under various conditions, with uniform results. None of 
these organisms gather about bubbles of carbon dioxide or in solutions 
of acids. They are as follows : Oxytricha fallax, Euplotes charon, 
Stylonychia pustulata, Colpoda cucuUus, Spirostomum teres, Stentor 
caeruleus, Enchelys farcimen, Halteriagrandinella, Didinium nasutum, 
Euglena viridis, and Heteromita globosa. 

Some of these organisms, on coming in contact with a solution of 
carbon dioxide, at once give their characteristic ** motor reaction," 
backing and turning toward a structurally defined side; thus they 
turn away from the area in question, leaving it empty. Others do not 
react at all to carbon dioxide, and to other acids only when very 
strong. Those that were indifferent were Oxytricha fallax, Stentor 
caeruleus, Didinium nasutum, Euglena viridis, and Heteromita 
globosa. 
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D. The Method by which the Gatherings are 
Brought About. 
Throughout the work attention was given to the method by which 
the infusoria gather together. The point which was especially 
studied was the question of orientation. Do the organisms collect in 
the region where a certain chemical is present because they become 
oriented in the lines of the diffusing ions? Or are the collections 
brought about in the manner described for Paramecium, in the first 
and second of these studies ? 

The phenomena were carefully examined in all the infusoria in 
which collections were observed, — in Colpidium colpoda, Oxytricha 
aeruginosa, and Loxocephalus granulosus, and additional observations 
were made on Paramecium and Chilomonas. All the ciliates men- 
tioned are of sufficient size so that their movements can be exactly 
observed with the Braus-Driiner stereoscopic binocular, and there can 
be no doubt as to the method in which the gatherings take place. 
They collect in essentially the same manner as has been shown in 
previous studies to be true for Paramecium. The organisms are at 
first swimming freely hither and thither. When the drop of acid is 
introduced, or collections are produced in other ways in certain regions, 
some of the individuals swim into the area in question merely through 
their usual movements. They do not change their course or react at 
I all as they enter the area. But as they swim across it and reach the 

! opposite side, where they would if unchecked pass out of the area into 

the surrounding water, each infusorian gives its characteristic " motor 
reaction." Oxytricha after moving backward turns toward its un- 
I notched side, Loxocephalus to the aboral side, Colpidium toward its 

convex side, Paramecium toward the aboral side. The animal is thus 
prevented from leaving the area containing the chemical, but swims 
in another direction within this area. As it reacts in the same way 
I every time it comes to the outer boundary of the area, it does not leave 

j it at all. Other individuals enter in the same way, through their ran- 

dom movements, and remain through the same reactions, so that after 
I a time the areas in question swarm with infusoria. 

I If the animals are allowed to come thoroughly to rest before intro- 

i ducing the chemical, usually no collection is formed within it. This 

! shows the essential part played in the reaction by the random move- 

ments of the organisms. 
It seems difficult for many minds to believe that the dense gather- 
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ings observed can be produced in this way. That this is the real 
method by which the collections occur, can be very neatly demonstrated 
to the eye in the following manner. A number of Paramecia or other 
infusoria which collect in acids are mounted on a slide. Upon the 
upper surface of the cover glass a small circle about the size of the 
drop of acid usually introduced, is made in ink with the pen. By 
directing the attention to the area within the ring of ink, it will be 
seen that many infusoria (as many as ten per second or more, in an 
ordinary mount of Paramecium), cross the area every instant. It is 
therefore evident that if all of them could be stopped within the area, 
a dense group would soon be produced. With the capillary pipette a 
drop of acid is now introduced beneath the ring; the same number of 
infusoria now enter the area as before, but every one remains and a 
dense collection soon results. * 

In the paper already cited, Garrey maintains that the flagellate 
Chilomonas collects in certain acids in a manner entirely different 
from that above set forth. He holds that the collections (in acetic 
acid, for example), are produced through an orientation of the organ- 
ism in the lines of the diffusing ions. The reactions to other sub- 
stances, drops of which are left empty by Chilomonas (as for example 
a solution of sodium chloride), take place in a way entirely different, 
according to Garrey. Here there is no orientation ; the chemicals 
merely cause " swift shooting movements,'' by which the animal is 
carried out of the area, or prevented from entering it. The method 
of reaction exhibited in collecting in acetic acid is denominated by 
Garrey chentotaxis^ while that shown in keeping out of or leaving a 
drop of sodium chloride he calls chemokinesis. 

In the sixth of this series of studies, reasons drawn from a study of 
the movements of the individual Chilomonads have been given for 
rejecting this distinction in kind between the reaction in collecting 
and that in avoiding a region containing chemicals. Certainly no 
such distinction can be made in Paramecium, nor in the other ciliates 
above mentioned. Leaving out of account the direct observations on 
the movements of the individuals, there are certain experiments which 
amount almost to a demonstration that there is no such distinction in 
kind, — even in Chilomonas. They demonstrate at least that collec- 
tions exactly similar to those produced through the supposed " chemo- 

* This experiment was demonstrated on the screen by means of the stereopti- 
con before the Society of Western Naturalists at the meeting in Chicago in 
December, 1900. 
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taxis" can be produced through the operation of the admitted 
" chemokinesis." 

Acetic acid may be taken as a type of the substances toward which, 
according to Garrey, Chilomonas shows orientation, or " chemotaxis ; " 
while sodium chloride is an example of the substances which cause 
no orientation, but merely "chemokinesis." If a drop of acetic acid 
of a proper concentration is introduced into a preparation of the in- 





FlGURE 4. 



Figure 5. 




Figure 6. 
Figures 4, 5, and 6. Diagrams showing how the grouping of the organisms depends on 
the relations of the two fluids to each other in space, a represents the area occupied 
by the fluid into which the infusoria may pass without giving the " motor reaction ;" 
h the fluid into which it cannot pass without giving the " motor reaction." When a 
is water, 3 is a salt or alkaline solution ; when b is water, a is an acid solution ; in 
either case the grouping of the organisms (Paramecium or Chilomonas), is that shown 
in the figures. 

fusoria, the latter soon collect in the drop (" chemotaxis "), while if a 
drop of sodium chloride solution is introduced, it remains empty 
("chemokinesis"). 

But suppose we mount our infusoria in a weak solution of sodium 
chloride, and introduce a drop of water? The salt solution is admitted 
to produce no orientation, but merely "chemokinesis," yet in a short 
time the drop of water is filled with a dense group of infusoria, — just 
as was the acetic acid in the former case. Apparently the collection 
is formed in water just as quickly as in the acid, and the present 
authors have been able to detect no difference in the method of forma- 
tion. It is at least demonstrated that collections can as well be 
formed without orientation as with it, and that if these infusoria 



248 H. S. Jennmgs and E. M. Moore, 

possess the power of becoming oriented to diffusing ions, this power 
is a useless luxury. 

According to our observations, the phenomena are identical in the 
two cases. The organisms swim about, in the solution in which they 
are mounted (water, or sodium chloride solution, respectively), and 
enter the drop (acetic acid, or water, respectively), without reaction. 
After having entered they give the usual ** motor reaction " when they 
come to the outer boundary of the drop; hence they do not leave it, 
and the drop after a time swarms with the animals. 

The following series of experiments is instructive and brings out 
clearly the facts as they appear to the present authors. 

Mix a part of the infusoria (Paramecium or Chilomonas) with a weak solu- 
tion of sodium chloride, not strong enough to injure them, mix others with a 
weak, non-injurious solution of acetic acid, and leave others in water. Now 
make mounts with the fluids in various relations to each other : 

(i). Make a preparation (Fig. 4) in such a way that half the fluid on the 
slide is water {a) containing infusoria, while the other half is salt solution {b) 
containing infusoria. After a short time most of the infusoria will be in the 
half containing water alone. 

(la). Make a similar preparation (Fig. 4), save that one half {a) is acetic 
acid containing infusoria, the other half ifi) water containing infusoria. In this 
case after a time most of the organisms will be found in the acid. 

(2). Make a preparation (Fig. 5) in such a way that the salt solution sur- 
rounds the drop of water, the water (ci) being introduced as a drop into the 
salt solution {b). After a time the drop («) of water contains a dense swarm 
of the organisms. 

(2a). Make a preparation as in the last, save that water (Fig, 5, b) sur- 
rounds the acid («), which is introduced as a drop into the water. In this case 
there is likewise a dense aggregation formed in the drop a (of acid). 

(3). Make a preparation (Fig. 6) such that the water {a) surrounds the salt 
solution (^), — the latter being introduced as a drop into the water. After a 
short time the drop b (of salt solution) is empty. 

(3a). Make a similar preparation, in which the acid solution (Fig. 6, a) 
surrounds the drop of water (^). Soon the drop b (of water) is left empty. 

With the same pair of substances we get, therefore, either a dense 
aggregation (or what has been sometimes called "positive chemo- 
taxis "), or a certain definite area left vacant ( " negative chemotaxis '*), 
depending upon the relation in space of the two fluids to each other. 
And this result may be obtained whether we use as our chemical one 
like acetic acid, to which it has been maintained that the infusoria 
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show positive "chemotaxis" proper, or whether we employ a salt to 
which they are held to react only by •*chemokinesis." 

Thus with either pair of fluids, whether we do or do not get a dense 
aggregation of infusoria depends ** on the configuration of the two 
fluids " — on the relation of the two fluids to each other in space. 
General statements embodying these relations may be made as fol- 
lows. If we distinguish as b that fluid into which the infusorian 
cannot pass without causing the ** motor reaction," as 'a that into 
which it can pass without causing the reaction, then 

If b surrounds a (Fig. 5), a dense aggregation is formed in a 
(** positive chemotaxis "). 

If a surrounds b (Fig. 6), the small area b is left empty ('* negative 
chemotaxis"). 

If « and ^occupy equal areas (Fig. 4), after a time most of the 
organisms will be found in a, (This last case is not so strongly 
realized in a minute organism like Chilomonas as in a larger creature, 
such as Paramecium, because the distances to be passed over are so 
great that a weak swimmer like Chilomonas will not soon reach the 
*^^a rt, and may come to rest in large numbers in b without reaching 
^^ at all. But in any case, a considerable majority will be found in a,^ 
l{ a is water, b may be a solution of an alkali or of a great variety 
of neutral salts; in the case of Paramecium, almost any neutral salt 
If b is water, a may be any acid. In either case the resulting phe- 
nomena will be essentially the same. 

Summary. 

1. In order to test the reactions of infusoria to acids, it is necessary 
to remove with great care from the water containing the organisms 
the carbon dioxide produced by the organisms in their respiratory 
processes. 

2. Colpidium colpoda, Cyclidium glaucoma, and Chilomonas Para- 
mecium collect in solutions of carbonic and other acids, just as Para- 
mecium does. The spontaneous collections formed by these organ- 
isms may therefore be due to their excretion of carbon dioxide. 

3. Loxocephalus granulosus and Oxytricha aeruginosa form 
spontaneous collections similar to those of Paramecium, but do not 
gather in carbonic or other acids. The spontaneous collections in 
these cases must therefore be due to other causes. 

4. The following infusoria do not collect in carbonic or other acids, 
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nor were they observed to form spontaneous gatherings : Oxytricha 
fallax, Euplotes charon, Stylonychia pustulata, Colpoda cucuUus, 
Spirostomum teres, Stentor caeruleus, Enchelys farcimen, Halteria 
grandinella, Didinium nasutum, Euglena vlridis, Heteromita globosa. 
5. The collections, according to our observations, take place in the 
manner described in previous numbers of this series of studies for 
Paramecium. In cases where this has been disputed, it is shown 
that collections essentially similar to those produced by what has 
been considered ** chemotaxis " proper are likewise produced by what 
is admittedly " chemokinesis." 
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STUDIES ON REACTIONS TO STIMULI IN UNICELLU- 
LAR ORGANISMS. IX. -ON THE BEHAVIOR OF 
FIXED INFUSORIA (STENTOR AND VORTICELLA), 
WITH SPECIAL REFERENCE TO THE MODIFIA- 
BILITY of protozoan REACTIONS.^ 

By H. S. JENNINGS. 

THE only infusorian whose behavior is at present known with 
any degree of fulness is Paramecium. This animal is a type 
of the free-swimming infusoria; while Paramecium does at times 
come to rest, as a rule it is found in rapid movement, — especially 
when under experimental conditions. 

The behavior of an animal which is fixed in a definite position 
will necessarily be of a different character from that shown by such 
an organism as Paramecium. Stentor and Vorticella furnish ex- 
amples of such animals, and, as will appear, their behavior differs 
much from that of Paramecium, — showing indeed a much higher 
development. 

As compared with an orgatnism continually in motion, a fixed 
animal offers many advantages for the ekperimental study of be- 
havior, for one may keep the same individual continuously under 
observation, or return to it at longer or shorter intervals. It is thus 
possible to observe changes in behavior, and to determine whether 
the reaction to a given stimulus is modified by previous subjection 
to the same or diflfercnt stimuli. 

The present paper is based upon a study of the behavior of the 
following organisms: Stentor rceselii Ehr., Stentor caeruleus Ehr. 
several species of Vorticella, Epistylis flavicans, var. procumbens, and 
Carchesium polypinum Lin. Stentor is much more favorable for 
such work than any of the Vorticellidae, and Stentor rceselii is in 
many respects the most favorable as well as the most interesting 
of the organisms studied. I shall therefore make an account of the 
behavior of this animal the basis of the paper, comparing the others 
with it. 

^ Contributions from the Zoological Laboratory of the University of Michigan, 
No. 57^ 
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Figure 1. — Stentor roeselii, showing the currents caused by the cilia. At « a chemical 
is introduced a little to one side of the disc, showing that it does not reach the 
animal. At <^ a chemical is introduced above the disc; it is carried directly to the 
mouth. At ^ particles are seen passing along the ventral surface of the body to 
the edge of the tube. 
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A. The Behavior of SxENtoR KtESELii Ehr. 

For understandinoj the behavior of an organism when subjected 
to stimuli, it is necessary to have well in mind the structure of the 
animal and its normal movements when unstimulated,— a considera- 
tion too often neglected in work on behavror. 

Stentor roeselii Ehr. (Fig. i) is a colortess or whitish animal 
consisting, when fully extended, of a slender, tapering, stalk-like body, 
bearing at its larger end a broadly expanded disc. The surface of 
the body is covered with longitudinal rows of fine cilia, and bears 
also a considerable number of fine long setae, which disappear at 
times, and are said to be retractile and extensile. The 
disc is surrounded by a circlet of large compound cilia 
or membranellae. These make a spiral turn, passing on 
the left side into the large buccal pouch, which leads to 
the mouth. The mouth thus lies nearly in the middle 
of what may be called the oral surface; this surface is 
considered ventral in determining right and left. The 
disc is covered with rows of fine cilia which are nearly 
parallel with the circle of membranellae. The smaller 
end of the tapering body is known as the foot ; here the 
internal protoplasm is exposed, 
sending out fine pseudopodia, by 
which the animal attaches itself to objects 
(Fig. 2). 

The body contains^ next to the surface, 
many fifie contractile fibrillae, the myonemes, 
through the action of whix:h the animal may 
contract into a short oblong or conical form 
(Fig. 3). 

Stentor roeselii is usually attached to a 

water plant or a bit of debris by the foot, and 

the lower half of the body is surrounded 

This is a very irregular sheath, formed of 

all sorts, partly held together by a secretion 

It is frequently nearly transparent, so as to be 

The manner in which the tube is formed will 




Fig. 2. — Foot 
of Stentor 
roeselii. after 
Johnson ('93), 
showing the 
pseudopodia. 



Fig. 3. — Stentor roeselii, 
contracted into its tube. 



by the so-called tube, 
flocculent material of 
from the Stentor 
almost invisible* 



be described later* 
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MovementB of cilia in the unstdmnlated animal.' — The menibranellae 
and cilia of the oral disc are in continual motion in the extended 
animal ; the nature of this motion is best seen by adding something 
to the water to make the currents induced by the cilia visible. 
When finely ground sepia or carmine is added to the water, the 
currents caused by the cilia are seen to be as follows : The mouth 
of the animal forms the bottom of a vortex, towards which the water 
above the disc descends from ail sides (Fig. i). Only the particles 
in the water near the axis of the vortex really strike the disc, — those 
a little to one side shoot by the edges without touching. These 
latter curve outward again after reaching a point below the disc, and 
thus a whirlpool is produced, -* some of the particles returning 
upward so as to reach again the downward current at a point some 
distance from the Stentor. But most of the particles which thus 
miss the edge pass downward and out of the sphere influenced by 
the Stentor. 

Particles which reach the disc pass to the left, toward the buccal 
pouch, showing that the beat of the membranellae has a component 
which drives to the left as well as downward, — the real movement 
of the current being thus a left spiral. The particles thus reaching 
the buccal pouch are whirled about within it a few times, then they 
may take one of two courses. They either pass down into the mouth 
at the bottom of the pouch and thus into the internal protoplasm, 
or they are whirled out over the edge of the pouch, in the mid- 
ventral notch. In the latter case they usually pass backward toward 
the foot of the animal, along the mid-ventral line, as shown at c in 
Fig I. Apparently the body cilia in this region keep up a backward 
current. The particles reach the edge of the tube, where they may 
cling, thus aiding to build up the tube. 

In determining whether certain given particles shall pass into the 
protoplasm or out over the edge of the disc, there seems to be no 
indication of sorting by the cilia and of choice, — though this would 
not be at all surprising in view of what we know of choice in Amoeba, 
and of corresponding phenomena in inorganic fluids (see Rhumbler, 
1898, or the brief resume in Jennings, 1902). But in Stentor, as 
long as the disc remains extended, whenever particles of any sort are 
allowed to reach the disc in large numbers, some are taken into 

* It is doubtless to be held that the animal is never really unstimulated ; the 
use of this term signifies merely that no special stimulus is acting on the animal, 
beyond what is supplied by the usual conditions of existence. 
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the protoplasm, while others pass over the edge and away, without 
regard to the nature of the particles (provided they are not too large ; 
see p. 30). This is true, for example, of sepia, carmine grains, uni- 
cellular algae and debris of all sorts. When large numbers of 
minute unicellular algae pass into the buccal pouch, apparently the 
proportion taken into the protoplasm is the same as in the case of 
sepia or other non-nutritious particles. It seems evident that whether 
a given particle shall or shall not be taken into the internal proto- 
plasm depends upon the mechanical conditions governing the spiral 
currents in the pouch. Many of the particles in the current never 
reach the minute mouth at all, and these are whirled over the 
edge in continuation of their spiral course; those which are so 
situated in the vortex as to be carried directly to the mouth are 
taken in. Of course Stentor does exercise a sort of choice (as will 
appear below), by changing its position, reversing the ciliary current, 
or contracting when injurious substances are present in the water, 
but there is no indication of a sorting and selection of particles 
brought into the pouch by the usual currents. 

When stimulated, Stentor roeselii may contract into its tube (Fig. 
3). Such contractions do not as a rule take place except in response 
to well marked stimuli. This was the rule throughout my observa- 
tions, extending over many days. Undisturbed individuals observed 
without interruption for an hour or more did not contract at all 
during that time. In this respect Stentor differs from Vorticella, 
which contracts at short intervals, even when the conditions are 
apparently quite uniform (see Hodge and Aikins, 1 895). 

Reaotions to atiinaU. L Mechanical stimnU. — We will first con- 
sider what Stentor does when touched or struck by small objects, — 
its reactions to simple mechanical stimuli. Such stimuli are often 
received in the normal life of Stentor, and there is a surprisingly 
full and complicated set of reactions to them, as compared with the 
simple reactions of Parmecium. 

We will suppose that small solid bodies are brought with the 
water currents to the disc. This may be controlled experimentally 
by drawing a glass tube to a long, excessively fine capillary point, 
filling the tube with water containing finely ground sepia, and bring 
the point near the Stentor. What the animal does depends upon 
a number of different conditions. 

Normal movements contimied. — At first the normal currents are 
not changed; the particles pass into the pouch, and some are taken 
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into the internal protoplasm, while others pass out over the edge of 
the pouch at the mid-ventral notch, as described above. If the 
particles are minute, do not cling together into large masses, arc not 
excessive in number, nor mingled with any stimulating chemical, 
the currents continue this normal course indefinitely. 

Bending toward the source of stimulus, — If a small object merely 
touches gently one edge of the disc, the Stentor may bend over 

toward the object 
(Fig. 4). This 
reaction may be 
seen when a small 
organism comes 
against the disc 
of Stentor, then 
attempts to swim 
away. The Sten- 
tor bends in that 
direction, so as to 
keep io contact 
with the object as 
long as possible. 
In the culture 
dishes containing 
Stentors there 
were many free 
heads of Epis- 
tylis, and these 
frequently swam 
thus against the 
Stentors, giving 
rise to the above 
described reaction. The Epistylis heads were not held at all, but 
were merely followed as far as possible by bending. 

This reaction may be produced experimentally by tickling the edge 
of the disc with the tip of a minute glass rod drawn out to the 
finest possible hair.^ The Stentor bends over toward the side 
touched, and if the rod is moved very gently to one side, follows it. 

^ These and similar manipulations were carried out under the Braus-Driiner 
binocular microscope, the use of which renders very simple many experiments 
and observations which would otherwise be difficult. 




Figure 4. — Stentor roeselii bending in the direction of a slight 
mechanical stimulus. At 1 a bit of debris is allowed to touch 
the edge of the disc, and is then pulled to the right. The 
Stentor follows it, bending into the position shown at 2. 
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If the rod trembles a little too much, the Stentor will contract 
suddenly, as described below. The most satisfactory way of pro- 
ducing the reaction is to get a bit of soft flocculent debris from the 
bottom of the dish to cling to the rod. This debris may then be 
allowed to come against the disc, and is then gently pulled to one 
side. The Stentor follows it, often bending far over. This experi- 
ment is represented in Fig. 4. The animal may thus bend in any 
direction, — to the right, to the left, or toward the oral or aboral side. 

Bending away. — If the stimulus is a little stronger, as one pro- 
duced by a large hard object, or by the objects becoming too numer- 
ous, as when a dense cloud of sepia reaches the disc, or when the 
objects are accompanied by a weak chemical stimulus, as is the case 
with carmine grains, then another reaction is produced. The animal 
bends away from its present position. This is thus to a certain 
degree the opposite of the reaction last described, but is not so pre- 
cisely localized a reaction as the former one. In this reaction the 
organism shows the influence of its spiral, unsymmetrical structure, 
in that, as in the case of Paramecium, it always turns toward a 
structurally defined side. The reaction in Stentor is as follows : the 
animal twists on its long axis one or two turns, then bends over 
toward the aboral side. It thus bends into a new position, but it 
docs not always bend away from the source of stimulus; in some 
cases this reaction carries the animal toward the source. In the 
latter case the reaction is repeated. 

In most cases where the source of stimulus is not large, this 
reaction succeeds in removing the Stentor from its action. Thus, 
if a capillary tube containing sepia is held close to the disc, when 
the animal bends over toward the aboral side the particles of sepia no 
longer reach the disc, and the animal is relieved from the stimulus 
^^^%' 5)- Much experimentation shows that this simple reaction 
is more effective in getting rid of stimuli of all sorts than might be 
anticipated. If the first reaction is not successful in accomplishing 
this end, it is repeated. 

Reversal of the ciliary current, — If the turning toward one side 
does not relieve the animal (or in some cases before this is tried), so 
that the particles continue to come in a dense cloud, the ciliary 
current is suddenly stopped and apparently reversed for an instant. 
The particles in the pouch or against the disc are thus thrown off. 
The reversal lasts but an instant, then the current is continued. If 
the particles still continue to come, the reversal is repeated two or 
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three times in rapid succession. If this fails to relieve the animal 
of the stimulus, the next reaction (contraction) usually supervenes. 

Sometimes this reversal of the current takes place before the 
turning away described above, and it may be followed by that 
reaction. But usually the turning away occurs first. 

The reversal is produced 
under various circum- 
stances. It occurs when 
a very large number of 
particles reach the disc at 
once, so that there is a 
tendency to clog the pouch, 
or when a large hard ob- 
ject, such as one of the 
loricate Ciliata, gets into 
the pouch. I have seen 
Coleps gotten rid of in this 
way. It occurs also when 
some chemical, as a weak 
salt solution, is mingled 
with the particles, or when 
the chemical alone reaches 
the disc (see the reactions 
to chemical stimuli, below). 
Contraction. — If the 
animal does not succeed in 
getting rid of the stimulus 
in either of the ways above 
described, or if the stimulus 
is a very powerful one to 
begin with, the Stentor 
suddenly contracts. The 
body becomes short and 
club-shaped or oblong, and 
the Stentor disappears 
within its tube (Fig. 3). 
Here it usually remains twenty to thirty seconds, then rather 
slowly extends, so that from the moment of contraction to the 
moment of complete extension an interval of 40 to 50 seconds 
has usually elapsed. 




Figure 5. — Stentor roeselii bending away when a 
quantity of sepia or of some chemical reaches 
the disc. The animal bends toward the aboral 
side. 
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When, in extending, the body of the Stentor has become about 
half or two- thirds its original length, the ciliary disc begins to unfold 
and the cilia to act, causing the current to reach the disc as before. 
If with the current the stimulus again acts upon the animal (as when 
the sepia or the chemical is kept near), immediate recontraction 
follows. 

This may be repeated many times. To certain sorts of stimuli, as 
will be seen later, Stentor may get accustomed, so as to unfold and 
behave in the usual manner while the stimulus continues undi- 
minished. We will consider for the present the case where the 
continuance of the stimulus involves continued repetition of the 
reaction. This case is realized when a dense cloud of carmine grains 
is kept where it will strike the Stentor as soon as it expands, or 
when various chemicals are kept in this position. In such a case 
the contractions are repeated, as above described, usually for a period 
of ten to fifteen minutes. Often the animal, after a number of con- 
tractions, remains within its tube a longer time than at first. But 
more often there is little change in the time of contraction until 
toward the end of the period of ten or fifteen minutes. If the stimulus 
continues, the next phase of the reaction now sets in, described in the 
following. 

Abandonment of the tube, — After the stimulus has been thus 
repeated at every unfolding of the Stentor for ten to fifteen minutes, 
the animal contracts violently several times, without intervening full 
extension. The short clavate body merely lengthens a little, then 
contracts suddenly and powerfully into a still shorter mass. This 
is repeated until the attachment of the foot of the Stentor at the 
bottom of the tube is broken, and the animal is free. It now leaves 
the tube and swims away. The animal may swim forward out of 
the anterior opening of the tube, but if this takes it into the sphere 
of operation of the stimulus, as will very often be the case, it may 
force its way backward through the substance of the tube, and thus 
gain the outside, swimming backward. It then swims away, to form 
a new tube elsewhere. 

Behavior while free, — While thus swimming through the water, 
after leaving its tubd, Stentor takes on the characteristic behavior of 
the free-swimming infusoria, such as Paramecium. In the open water 
stimuli are almost lacking for the guidance of the animal, hence its 
behavior is, paradoxical as this may seem, much less free and varied 
than is that of the fixed infusorian, or the infusorian creeping on the 
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bottom ; it becomes quite stereotyped. The writer has previously 
given (Jennings, 1899^) an account of the main features in the be- 
havior of Stentor polymorphus when swimming in the open water. 
The behavior of Stentor roeselii is essentially similar in character. 
It rotates to the left on its long axis as it swims, and at the same 
time it swerves toward one side, — apparently toward the right aboral 
side. Its path thus becomes a spiral, like that of Paramecium 
(for the significance of this spiral swimming, see Jennings, 1901). 
When the Stentor in its course comes into the region of a stimulating 
chemical or other stimulating agent, the animal swims backward 
a little, turns toward the right aboral side, and swims forward 
again. In all these respects its behavior is essentially like that 
of Paramecium, as described in the second of these studies (Jennings, 
1899^), so that it will not be described in detail here. At first after 
leaving the tube the Stentor is strongly contracted, of a very short 
oblong or club-shaped form. Usually as it swims it gradually extends 
a little, taking a long conical form, but remaining much shorter than 
the fixed specimen. The animal thus swims rapidly for some time 
about the vessel in which it is confined. It may be observed that 
the Stentor as it swims secretes over the posterior half of its body a 
transparent mucus or sticky substance of some sort, since carmine 
grains or other small particles in the water often cling to the pos- 
terior half of the body, or are trailed along some distance behind it, 
— the mucus evidently pulling out to form threads. 

On coming against the surface film or the smooth surface of the 
glass, the Stentor behaves in a peculiar way. The (only partly un- 
folded) disc is applied to the surface, and the animal creeps or spins 
rapidly over the surface, often revolving to the left; sometimes not 
revolving, and always progressing in the direction of the right aboral 
side or angle of the disc. 

On coming in contact with a bit of plant tissue or debris (consist- 
ing in the cases observed largely of worm-castings), the Stentor 
usually creeps rapidly over the debris, keeping the ventral surface 
against it. It thus follows all the irregularities of the surface, as 
rapidly and neatly as this would be done by one of the Hypotricha. 
This may continue for some time, the animal seaming to explore the 
object thoroughly; then it may leave the debris and swim about 
freely again for a period. At times the Stentor becomes attached 
to a piece of debris by the secreted mucus. This is drawn out to 
form a thread, often several times the length of the Stentor; by 
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means of this thread the Stentor remains suspended in the water, 
as it were, whirling about on its long axis. It may thus remain 
partially attached for some time; then the thread is broken by a 
sharp contraction of the body, and the animal swims away. 

Fonnation of a new tube, and attachment of the foot* — Finally (in 
three cases that were timed, after fifteen to twenty minutes) the 
Stentor forms a new tube and attaches itself. This is done as follows. 
The animal, coming to a small heap of debris, creeps over it with 
ventral surface against it, as above described, exploring it thoroughly. 
It becomes evident that mucus is being secreted over the surface of 
the posterior half of the body, since particles of debris stick to the 
body, or are trailed be- 








hind it. Finally, in a 
certain region, often be- 
tween two masses of 
debris, the animal 
begins to move back- 
ward and forward, 
through a distance of 
only about three fourths 
of its own length (when 
contracted). This is 
kept up for about two 
minutes, and results in 
the formation of a short 
mucus sheath, from the 
secretion on the outer 
surface of the Stentor. 
This process is illus- 
trated in Fig. 6. Now the foot is pressed against the debris at the 
posterior end of the sheath, where it adheres, — doubtless by the 
extrusion of pseudopodia, as illustrated in Fig. 2. Now the Stentor 
extends its body to the full length, — and we find it in the usual 
attached condition, with the lower half of the body surrounded by a 
transparent tube of mucus. 

The above account is drawn from observation of the process of 
settling down and forming a tube in several specimens, and seems 
to be typical. In one case observed, however, the animal attached 
itself to the smooth surface of the glass, and this time the process 
differed. After wandering about for some time, as described above. 



Figure 6. — Illustrating the movement of Stentor in 
forming a new tube. The animal oscillates between 
the positions 1 and 2, giving off mucus, which forms 
the tube, a, mucus forming the tube ; ^, debris. 
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the specimen applied its disc to the bottom of the vessel, and re- 
volved for some time on its long axis. Then it ceased revolving, and 
slowly bent its body till the foot reached the bottom, — the body 
becoming nearly straight again and tangential to the surface, before 
this was accomplished (Fig. 7). The foot attached itself to the 
bottom, then the disc was lifted up, and the body took a position 




Figure 7. — Illustrating the manner in which Stentor rceselii attaches itself to a 
smooth surface. The figures 1-6 represent the successive positions occupied by 
the Stentor. 

perpendicular to the surface. The animal was now attached in the 
usual way, though the beginning of the tube had not been made. 
The tube in such a case is formed later, automatically, as it were, 
by the secretion of mucus on the surface of the body. This becomes 
compacted and confined to the posterior half of the body by the 
contractions of the Stentor in responding to stimuli. 

Usually, however, the tube is formed before the attachment of the 
foot, in the manner first described. 

Having thus described the typical series of reactions when Stentor 
roeselii is subjected to mechanical stimuli, or to a combination of 
mechanical and chemical stimuli, we may return and consider the 
eflfect of some other stimuli, as well as a number of matters of a 
different character. 

n. Chemical stdmnii. — Results essentially the same as those above 
described are obtained in stimulating Stentor roeselii by means of 
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chemicals. But there are certain points which are of much impor- 
tance for understanding the method by which such organisms react 
to chemicals; these will be brought out here. 

When a chemical of sufficient strength to act as a stimulus, yet not 
strong enough to be destructive, is allowed to reach the disc of an 
attached Stentor, the same series of reactions is given as has been 
described above, — changing position, reversal of ciliary current, 
contraction, and final abandonment of the tube. These results were 
obtained with a weak solution of methyline blue; with the red fil- 
trate from carmine in water, with -(^ NaCl, with -^-^ HCl, and with 
^ cane-sugar. In the. latter case the effect was evidently due to the 
osmotic action of the sugar> as will be shown later. Other chemicals 
were not tried. 

After it was found that Stentor would bend directly toward the 
source of a weak mechanical stimulus, as described above, it was 
thought possible that an opportunity might be here presented for 
demonstration of positive or negative chemotropism, — a bending to 
or from the source of diffusion of a chemical. In other infusoria the 
writer has been unable to observe a direct turning toward or away 
from the source of diffusion of any chemical, so that this seemed an 
opportunity not to be missed. The experiments in this direction de- 
veloped certain facts which are of much significance for understanding 
the reactions not only of Stentor, but of other ciliates and flagellates, 
to chemicals. 

The attempt was made to localize very accurately the action of the 
stimulus, by the use of fine capillary tubes> bringing the chemical near 
to one side of the body, — so that it might affect one side alone. 
The Stentor might then be expected to bend toward or away from 
the side affected. This involves no difficulty in manipulation, but an 
insuperable diflBculty is at once met in the course of the currents pro- 
duced by the cilia of Stentor. Chemicals placed at one side do not 
reach the animal at all, as will be seen by an inspection of the course 
of the currents in Fig. i. The chemical at A is carried past the 
animal without touching it. This is rendered evident when some 
colored chemical, such as a solution of methyline blue, is used. If 
the point of the tube is moved farther toward the front of the Stentor, 
the solution is involved in the central vortex and is carried directly 
to the buccal pouch and the mouth (as at by Fig. i). 

Thus unilateral stimulation with a dissolved chemical, elsewhere 
than at the mouthy is practically impossible. This is true also when 
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the chemical in solution is advancing with a broad, plane front, as 
illustrated in Fig. 8. In such a case the solution does not reach the 
Stentor uniformly distributed, as determined solely by the move- 
ments of the ions. On the contrary, as soon as the advancing 







Figure 8. — Illustrating the way in which an advancing chemical is drawn out in the 
alimentary vortex, so as to reach the mouth and disc of Stentor without affecting 
the remainder of the body. 

solution has arrived within a certain distance of the animal, a small 
cone of the substance is drawn out by the vortex, directly toward the 
disc of the animal. The point of this cone reaches the buccal pouch 
and mouth of the Stentor, long before the rest of the chemical has 
affected the animal. This is very clearly seen when colored chemi- 
cals are used. 

The result is that the animal always receives its stimulus from 
a chemical at a certain definite spot, — the mouth or buccal pouch, 
— while the rest of the chemical remains some distance away. It 
is obviously impossible for the animal to orient itself in accordance 
with the natural lines of direction of the diffusing ions. If the 
organism turns away from the side affected by the chemical, it 
will of course turn toward the aboral side, —that opposite the 
mouth, without regard to the original direction of the source of 
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and this is exactly what the animal 



di£Fusion of the chemical, • 
docs. 

Parallel conditions exist in the other infusoria. In Paramecium, 
for example, a strong current, corresponding to that which reaches 
the buccal pouch in Stentor, passes along the oral groove to the 
mouth, the current over the rest of the body being slight in com* 
parison. When a colored solution is used, and a nearly or quite quiet 
Paramecium is 
found, it may 
be observed 
that an advanc- 
ing chemical 
behaves in 
much the same 
w a y a s in 
Stentor. A 
cone of the so- 
lution is drawn 

out opposite the 
anterior end of 

the P a r a- 

raecium, and 

passes down 

the oral groove 

to the mouth 

(Fig. 9). The. 

Parameci u m 

receives its 

stimulus from 

the chemical, 

therefore, on 

the oral side, 

—and responds, 

like Stentor, by 

turning toward the aboral side, 

some distance. 
These examples show that we are not justified in expecting the 

ciliate infusoria in which similar conditions occur to orient themselves 

to the lines of direction of diffusing ions, as presupposed by some 

current theories of the reactions of organisms to chemicals. The 




Figure 9. — Paramecium, showing how an advancing chemical 
is drawn out by the alimentary vortex, so as to reach the 
oral side without affecting the rest of the body. 



usually after swimming backward 
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organisms are active, and determine for themselves where the stimu- 
lus shall first affect them. It is not at all surprising, therefore, that 
they have not been found thus to orient themselves. 

In the Flagellata, owing to the minute size of the body, it is 
impracticable, to determine by experiment whether the conditions for 
stimulation are or are not the same as those just described for cili- 
ates. But in view of what is known of the movements of the flagella 
in these organisms, with resultant formation of a vortex having its 
apex at the mouth,^ together with the known asymmetry of most 
flagellates, it can hardly be doubted that the conditions are practi- 
cally identical with those found in the ciliates. In this group, then, 
as in the Ciliata, we should not expect to find the organisms orient- 
ing themselves to the lines of diffusing ions ; they do not permit the 
ions to follow alone the laws of diffusion, but actively intervene to 
determine the distribution of the substance in solution. These facts 
certainly deserve consideration in all work on the reactions of Ciliata 
and Flagellata to chemicals. 

Similar considerations apply to the reactions to other stimuli, in 
so far as the distribution of the agents concerned depends upon 
currents in the water. This would be the case, for example, with 
the reactions to heat and cold, in so far as the stimulation is due to 
differences in the temperature of the water in different regions. 
Figures 8 and 9 would serve equally well for the conditions when we 
have an advancing region of water which is warmer or colder than 
that about the infusorian. The warmer (or colder) water would be 
drawn out into a cone and then into a stream, which would affect 
only the oral side of the animal. It is therefore not surprising that 
we do not find a direct orientation produced by heat and cold in these 
animals, the so-called thermotaxis being brought about through the 
mediation of the ** motor reaction " (backing and turning toward the 
aboral side; see Jennings, 1899^, page 334). 

To radiant heat, to light, and to the electric current, these consid- 
erations, of course, do not apply, as the distribution of the stimulating 
agent in these cases is not affected by currents in the water. 

The fact that Stentor and Paramecium (as well, of course, as many 
other infusoria) are first stimulated by a chemical on the oral side, 
and that they respond by turning toward the opposite (aboral) side, 
seems to indicate that the reaction of these organisms is, primitively 

^ See Delage et Herouard, 1896, pages 306-312, for a full account of the 
movements of the flagella and the formation of the alimentary vortex- 



I 



On the Behavior of Fixed Infusoria. 39 

at least, truly a localized one. The reason why in reacting they 
always turn toward the same side would be merely because they are 
always stimulated on the same side (the opposite one). If this is true, 
we should expect them, if the stimulus were in some way made to 
affect the other (aboral) side, to turn toward the oral side, contrary 
to their usual habit. This may have been the original condition 
of affairs, and possibly infusoria may exist in which it is realized 
even at the present time. But that it is not true for most of the 
infusoria is shown by the reactions to localized mechanical stimuli, 
as described in the fifth of those studies (Jennings, 1900). It there 
appears that when ciliates are stimulated on the (unaccustomed) aboral 
or right side, they respond by turning toward that side, — exactly as 
when they are stimulated on the opposite side. The unilateral method 
of reaction has become strongly stamped upon the organisms, being 
indicated in the unsymmetrial form. 

in. OBmotic stimuli. — As in the case of Paramecium, sugar seems 
not to affect Stentor through its chemical qualities, but only through 
its osmotic action, so that opportunity is given for determining the 
nature of the reaction to changes in the osmotic pressure of the 
surrounding medium. ^ cane-sugar (about i per cent) caused no 
reaction whatever, though electrolytes of the same osmotic pressure 
caused a marked reaction, — showing the effect to be due to the 
chemical qualities, in the latter case. When Stentor was flooded 
with ^ cane-^sugar, there was no reaction for seven or eight minutes. 
By this time the plasmolyzing effect of the solution was very evident; 
the animals had shrunk considerably. Now there was a sudden 
strong contraction, the animal remaining contracted several minutes. 
It then let go its hold and abandoned its tube, forcing its way back- 
ward out of the latter. 

Even with ^ sugar (about 34 per cent) the response was not 
immediate. The animal conducted itself normally for about twenty 
seconds after it was flooded with the solution. By this time shrink- 
age due to plasmolysis is very evident to the eye; the animal 
contracts and finally leaves the tube. 

B. Other Fixed Infusoria. 

In giving an account of the behavior of some other fixed infusoria, 
I shall confine myself largely to a comparison with Stentor roeselii, 
bringing out the resemblances and differences, and entering into 
details only in case of important differences or additional features. 
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Stentor ceruleus Ehr. 

Stentor caerulus differs from S. roeselii in form and in its blue 
color, and it is usually larger, at least in this region. It does not 
inhabit a tube, and though frequently attached, it is much more 
inclined to a free life than is S. roeselii, so that it is often found 
swimming freely in large numbers. 

In an attached Stentor caeruleus the ciliary currents are essentially 
like those of S. roeselii, and parallel statements may be made for 
both species as to the ingestion of food particles. 

Stentor caeruleus is much more sensitive than S. roeselii; otherwise 
its reactions to mechanical and chemical stimuli are of the same 
general character, though with several important points of difference. 

Stentor caeruleus does not usually bend over toward a solid object 
touching one side of the disc, as does S. roeselii. A large number 
of experiments on this point gave uniformly negative results. 

When the particles of solid substance which are brought against 
the disc by the water currents are too large, too numerous, or 
mingled with some chemical, the animal responds, as does S. roeselii, 
by twisting somewhat on its long axis, then bending toward the 




Figure 10. — Method by which Stentor caeruleus often changes position when stimulated. 
^ The animal occupies first the position 1, then pushes backward into the position 2, 

% with stalk bent, then straightens into position 3. 

right aboral side into a new position ; by reversing the ciliary 
current for an instant, and repeating this ; by contracting the body ; 
and finally by breaking from the point of attachment and swimming 
away through the water. In these reactions there is little that is 
essentially different from the corresponding reactions of S. roeselii. 
A favorite method of changing the position when stimulated is shown 
in Fig. lo. The specimen backs strongly until the stalk is doubled 
near the foot. The animal then straightens the body into the position 
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indicated by the part next to the foot, — thus at an angle of 180*^ 
with its previous one. 

Stentor caeruleus has recourse to the last step in the series of 
reactions, — the abandonment of its place of attachment, — much 
more readily than does S. roeselii. In the latter species I was unable 
to force the animal to leave its place by mechanical shocks alone- 
Specimens were stimulated by striking the disc with a glass rod, 
sometimes for an hour continuously, yet the animals did not leave 
their place. Stentor caeruleus, on the other hand, will sometimes 
break its attachment the first time it is struck with the rod. There 
is much variation among different specimens on this point; usually 
it requires many such strokes to produce the result, and all the 
other reactions in the series are tried first. 

After leaving the place of attachment, Stentor caeruleus swims 
through the water in a rather wide spiral, revolving to the left. The 
body is usually somewhat curved toward the oral side, and apparently 
as a consequence of this, the animal swerves continually toward the 
oral side. The tendency to deviation thus caused is corrected by 
the revolution on the long axis. When the free-swimming Stentor 
receives a mechanical or chemical stimulus, it swims backward a 
little, then turns toward the right aboral side. The behavior of 
the free-swimming Stentor is thus essentially similar to that of 
Paramecium. 

As the Stentor swims about well extended, frequently protoplasmic 
projections may be seen extending from the tip of the foot These 
are viscid, so that bits of debris stick to them and are dragged about ; 
sometimes other infusoria, such as Paramecium, coming in contact 
with the foot, are thus dragged along. I have seen two Stentors 
become attached to each other through the accidental coming to- 
gether of the two posterior tips. If a small glass rod is placed 
against the tip of the foot, the Stentor may frequently be dragged 
backward by it, owing to adhesion. 

Often Stentor drags its foot over the bottom or over pieces of 
plant material. Sometimes it stops in such a position, and in a few 
seconds the foot is securely fast and the animal is anchored anew. 

Stentor caeruleus, unlike S. roeselii, reacts to light. The reactions 
0' this and some other ciliates to light will be treated in a separate 
paper. 
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VORTICELLA. 

Owing to its minute size, Vorticella is much less favorable for a 
study of behavior than is Stcntor. I was especially desirous of in- 
vestigating it however in connection with certain statements made 
in a very interesting paper by Hodge and Aikins (1895). These 
authors investigated chiefly the question of the rhythmical character 
of the activities of Vorticella. They kept a single Vorticella under 
observation without a moment's intermission for a period of twenty- 
one hours, besides intermittent study for a number of days. The 
observations showed "that a Vorticella works continuously and shows 
in its life no period of inactivity or rest, corresponding to periods of 
rest in higher animals. In other words, a Vorticella never sleeps." 
During five days the cilia were in continuous motion, and food was 
continuously taken. 

Incidentally, Hodge and Aikins made a number of observations 
on other points. One of these was in regard to the modifiabilily of 
reactions in Vorticella. An attempt was made to feed the individual 
under observation upon yeast plants, by introducing some of a pure 
culture of these organisms into the preparation. *' Thi3 attempt 
resulted in an interesting demonstration of the educability of Vorti- 
cellae. At first they took this, to them, newly discovered food with 
great avidity, filling their bodies to distention with food vacuoles of 
the yeast. In a very few minutes, however, the entire meal was 
ejected with volcanic energy. Not a single torula was allowed to 
remain in the body, and for several hours at least — how long the 
memory lasted was not determined — the individual could not be 
induced to repeat the experiment." 

It is much to be regretted that further details are not given in 
regard to this interesting experiment. We are not told whether the 
Vorticella continued its normal behavior and took in other food 
during the time in which it refused the yeast. It might be that the 
animal was merely injured by the food, and took nothing more into 
its body until it had recovered. We are not informed in what way 
Vorticella refused later to take the yeast, — whether by contracting, 
by reversing the ciliary current and turning the yeast out of the 
pouch, or in some other way. Yet upon these points depends largely 
the interpretation that shall be given to the observation. 

I have endeavored, and as I judge with some success, to reproduce 
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the essential features of this experiment. I have not succeeded with 
ihe yeast, for the Vorticellae at once contracted, in my experiments, 
when the yeast culture was introduced. But a similar result may 
be obtained in a very simple way. In the case of the yeast culture 
we have a fluid containing various chemicals in solution, and holding 
in suspension many small bodies. These conditions may be imitated 
by grinding up ordinary carmine in water. A little of the carmine 
goes into solution, as may be shown by filtering the water, which will 
be found to have become red. This red solution was found to act 
as a slight chemical stimulus, on both Vorticella and Stentor. 

When some of this carmine and water is added to the water about 
the Vorticella, the course of events is about as follows. For a short 
time — ten to fifteen seconds, or sometimes more — the current 
caused by the cilia is kept up in the usual manner, and many of the 
carmine grains are taken into the internal protoplasm, forming red 
food vacuoles. Then there is a sudden contraction of the stalk, 
the ciliary disc closing at the same time. This is repeated several 
times, the ciliary disc however remaining closed while the stalk 
partly extends and recontracts. Then usually the Vorticella extends 
in a new direction. If the carmine continues to be present, the 
contractions are repeated for ten or fifteen minutes or more. Then 
the stalk may remain extended, but the ciliary disc remains closed, 
so that no more carmine is ingested. This condition lasts as long 
as the carmine is present in large quantities. 

Thus in this case, as in that described by Hodge and Aikins, 
Vorticella at first ingests a certain substance which it later refuses. 
This is also true of Stentor, as will be seen by consulting the account 
above given of the behavior of Stentor when much carmine is added 
to the water containing it. In no case was Vorticella observed to 
throw out the granules which it had already ingested, as described 
by Hodge and Aikins, but this is perhaps an unessential difference, 
as of course this has nothing to do with the " educability " of the 
animal. 

In this experiment, I am convinced that the refusal of the Vorti- 
cella to continue to take the substance is due to a too great stimula- 
tion, either in the quantity of material, or, more probably, in the 
strength of the chemical action of the substance, rather than to any 
precise choice in the kind of substance ingested. There is evidence 
for this in the following fact. If the quantity of carmine in the water 
is greatly decreased, so that only scattered grains are left, the 
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Vorticella or Stentor no longer reacts to these, and they are ingested, 
gradually forming red vacuoles in the endosarc. Whether this would 
have been true in the experiment of Hodge and Aikins the data 
they have given do not enable us to judge. 

In regard to a point closely connected with the above, the attitude 
of Hodge and Aikins must, I think, be considered uncritical. This 
relates to the sorting of food by the cilia. Among the "psycho- 
reflexes " of Vorticella, Hodge and Aikins include " 3. Sorting of 
particles by the sensory cilia; the driving of food toward the mouth, 
and the driving away of waste particles." Further " When a particle 
is touched by the cilia an act of choice is apparent, and in accordance 
with this choice the particle is carried toward the mouth or whirled 
\ away." " Particles scarcely visible under the microscope are sorted 

i with the greatest apparent precision." " A prime condition of the 

! creature's life must be ability to distinguish food from that which 

I is not food." 

Beyond these general statements quoted no details are given. 

The authors report no critical observations or experiments as to 

what substances are ingested, what rejected in this sorting process. 

It is well known that investigators that have made such experiments 

r have concluded that no such sorting takes place. Thus Verworn 

t (1889, page 150) found that Vorticella ingests carmine grains, indigo, 

[ and chalk crystals, and I have myself observed the same facts. 

I These are substances which cannot serve as food, so that Hodge 

I and Aikins are certainly mistaken in their belief that "a prime 

condition of the creature's life must be the ability to distinguish 

food from that which is not food." Such organisms as Vorticella 

I and Paramecium grow and multiply in situations such that the 

\ substance brought to the mouth by the currents consists largely of 

food, without any sorting; when this condition disappears, the 

organisms quickly die. The ingestion at the same time of some 

substances which do not serve as food is not particularly injurious 

to the organism, as these are simply passed out of the body with the 

waste matter at the time of defecation. 

r 

The impression that a sorting and selection takes place among the 
particles brought to the mouth probably arose from the following 
observations. Vorticella, as well as Stentor, brings to the buccal 
pouch in its alimentary vortex many more particles than are taken 
into the body. When the water contains many particles a continuous 
stream of these may be seen passing out of the buccal pouch. From 
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this it is most natural to conclude that the material has been sorted, 
the valuable particles ingested, and the particles which are not 
nutritious turned away. But experiment does not support this con- 
clusion. Thus, when all of the particles are of the same sort, either 
nutritious or not, part are taken into the interior, while a large 
portion are turned away. This is true on the one hand of grains of 
sepia, which are quite insoluble and non-nutritious; it is true, on the 
other hand, also, when many nutritious unicellular algae are brought 
to the mouth. In the latter case, as in the former, many more of the 
particles are turned away than are taken in. The explanation of 
these facts is evident when one considers ,the mechanism of the 
alimentary vortex, as has already been pointed out by Verworn 
(1889). A large, strong current of water is carried toward the disc 
of the Vorticella. Inevitably, much of the water misses the disc 
completely, and the food particles which it contains never touch 
the animal. Another portion of the water strikes the disc, but 
not all of this can enter the relatively small buccal pouch, so that 
many of the food particles which strike the disc are whirled away 
again into the water. In the same way a rapid whirlpool is formed 
in the buccal pouch, but only a small part of the water in this can 
reach the relatively minute mouth, and it is only from this small 
part that the food can be taken. Thus there is a continual stream 
of particles passing out of the pouch, that have never come in contact 
with the mouth. 

These mechanical considerations explain also the following notice- 
able fact. When the water contains but few particles, whether 
nutritious or not, only a few are ingested, while a large proportion 
of them are whirled out of the pouch and away. When the number 
of particles in the water is great a large number are ingested in a 
short time, without regard to whether they are or are not useful 
as food. The number of particles ingested depends primarily upon 
the number which reach the mouth opening, and this is only a 
small proportion of those involved in the general ciliary vortex. 

This question of the sorting power of the cilia is, I take it, merely 
one of fact, and not one involving any important principle. What 
we know of choice in the Rhizopoda, and the parallel phenomena in 
inorganic fluids, to which reference has already been made, shows 
that there would be nothing new in principle if the cilia of Vorticella 
exercised choice in the same way. But the facts seem to indicate 
that they do not. Choice in these animals seems to be shown only 
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in such phenomena as the reversal of the ciliary motion, bending 
over into a new position, and contraction, — these being, of course, 
different methods, somewhat crude perhaps, of rejecting certain 
things, and thus of exercising choice. 



C. Becoming Accustomed to Stimuli. 

Are the reactions of such organisms invariable, or does the reaction 
to a given stimulus depend on previous subjection to the same or dif- 
ferent stimuli? The problem of the modifiability of the reactions of 
these lowest organisms is one of great interest, but one on which 
there exists but little precise experimental data. Scattered allusions 
to changeability in the reactions of the lower organisms are to be 
found in the literature, especially with relation to what might 
be called acclimatization to stimuli. Massart (1901, page 8) states 
that it is often to be observed that organisms which have reacted 
several times in succession, at short intervals, to a given stimulus, 
lose, little by little, the power of responding to this stimulus, but 
that this is doubtless to be attributed to fatigue. Loeb (1900, 
page 228) has discussed such a case in the reactions of worms to a 
shadow, as described by Nagel, and has attributed the lack of 
reaction when the stimulus is repeated to ** a simple after effect 
of the stimulus, a case that we often meet with in the physiology 
of both animals and plants." Davenport (1897, page 108) gives an 
example drawn from the behavior of one of the organisms at present 
under consideration. "When an organism has been stimulated by 
contact for some time, it at last becomes changed, so that it no longer 
responds as it did at first. Thus, Dr. W. E. Castle informs me that 
he has seen a colony of Stentors, in an aquarium, being constantly 
struck by Tubifex waving back and forth, yet the Stentors did not 
contract as they usually do when struck." 

Such contractions in the fixed infusoria furnish a most favorable 
opportunity for an investigation of this matter, and I therefore 
undertook to obtain some precise experimental data upon the sub- 
ject. Experiments were made upon Stentor roeselii, S. caeruleus, 
Vorticella, Epistylis, and Carchesium. 

First, the conditions described in the observation by Castle, above 
cited, were imitated, by striking the extended infusorian with a fine 
glass rod or hair, under the Braus-Driiner stereoscopic binocular. 
The chief difficulty in these experiments is to make the successive 
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strokes approximately equal in force. This can be done but very 
imperfectly; nevertheless the results are clear. 

The first stroke, whether light or heavy, given to an individual that 
has been undisturbed for an hour or more, almost invariably results 
in causing a quick contraction. This is true for all the organisms 
worked with. The animals remain contracted a minute or less, then 
slowly extend. At the instant when extension was complete, another 
stroke was given. This, and several successive strokes usually caused 
the same reaction as the first one. After ten or a dozen reactions, 
however, the organisms usually did not contract as soon as touched; 
the stroke had to be repeated one or more times before reaction was 
caused. A typical scries for Stentor caeruleus is given in the follow- 
ing. The figures represent the number of strokes in each case before 
contraction took place, — a contraction occurring thus at each dash: 
I— I— I— I— I— I— I— 2— 2— I— 2— I— 2— 4— I— I— I— I— 1—2— 6-ia-i— 
2— 9— 13— 3— 14— 7— 3— 2— 3— 3— 9— 18— (at this point the Stentor 
pulled its foot loose and abandoned its place). 

As is evident from the above, there is much irregularity in the 
number of strokes required to cause contraction. This is due, 
partly at least, to the practical impossibility of giving successive 
strokes of equal force. But the Stentor responded at first to the 
lightest possible touches, while later it required a considerable num- 
ber of smart strokes to cause contraction. 

Sometimes there is a ready response only to the first touch, as in 
the following series (Stentor caeruleus) : 
1—22—25— (breaks away). 
I— I— 40— (breaks away). 

In these cases the organism does not remain entirely oblivious to 
the blows, but after it has ceased to react by contracting it continu- 
ally changes its position, by twisting, then turning toward the aboral 
side, as if trying to escape from the blows. The final reaction, in 
Stentor caeruleus, is to break away from its attachment and swim 
away. 

In Stentor rcpselii, Vorticella, Epistylis, and Carchesium, similar 
results were obtained, save that these organisms never broke away 
from the attachment as a result of such mechanical stimuli. A 
typical series for an individual of Epistylis flavicans, var. procumbens, 
was as follows : 

i-i-i— I— 1-1-1-2-33-2S-7-13-36-20-14-13-13-33-9-30 
-3-31-226. 
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In another series the results were as follows : 

1—22—10—3—3—1—1—22—59—125— (continuous blows for i min.) 
— (I min.) — (li min.) — (4.} min.). 

Some series show greater irregularity than the above. As in the 
case of Stentor, during the latter part of the experiment the Epistylis 
continually changed its position, as if trying to escape from the 
blows. 

A typical series for Stentor roeselii, obtained in this case by jarring 
with the rod the leaf to which the Stentor was attached, is as follows : 

1-1-1-1-1-1-1-1-1-1-1-1-3-1-5-1-1-3-1-3-3-48-40 
-2-250-36-36-154 

The results for Vorticella are similar. In a typical case the animal 
contracted after each of the first nine strokes. Then the contractions 
became less sudden ; two or more strokes were required to produce 
them. After about twenty contractions the Vorticellae could be 
tapped almost indefinitely without causing further contraction. 

Carchesium polypinum is a tree-like colony composed of many 
Vorticella-like individuals, attached to the branches of a common 
stalk. The stalk muscles of the individuals are not continuous 
throughout the colony, so that it is possible, though not usual, 
for each individual to contract separately. 

Carchesium shows very markedly the acclimatization to a stimulus. 
Observing first the reactions of a single individual that is repeatedly 
stimulated, it is found that its stalk contracts strongly at every stroke. 
But after about five minutes there is a marked change in the readiness 
to respond. Several strokes are required to cause contraction. Still 
later the stalk ceases to contract when the individual is struck, though 
for a time the peristome is folded inward and the ciliary motion ceases 
after every stroke, without contraction of the stalk. When thus con- 
tinuously stimulated, usually the stalk contracts at intervals of two or 
three minutes, — though the strokes come as often as one per second. 

The effect of the stimulation of a single individual on the colony as 
a whole is interesting If a single individual in an otherwise undis- 
turbed colony is struck with the glass rod, usually the entire colony 
contracts at once, forming an almost solid ball. Apparently the 
sharp contraction of a single individual, by jarring the colony, acts 
as a stimulus to cause the contraction of all the other individuals. 
If the stimulus is repeated (on the same individual) as soon as the 
colony has become extended, usually only about half of the colony 
contracts. The third time only the large branch reacts to which the 
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individual stimulated belongs. After this the number of neighboring 
individuals contracting when the single individual reacts is variable, 
ranging usually from half a dozen to thirty or forty. When the 
condition is reached where the individual, continually stimulated, 
reacts but once in two or three minutes, nearly the entire colony 
contracts with it. 

What is the explanation of this failure to react to a stimulus to 
which the organism at first reacts readily? Three possibilities pre- 
sent themselves, (i) The lack of reaction might be due to fatigue 
of the contracting apparatus (corresponding to muscular fatigue in the 
higher animals). (2) It might be due to fatigue of the sensory 
function, so that the organism no longer perceives the stimulus 
(corresponding to fatigue of the sense organs in higher animals). 
(3) It is possible that the phenomenon cannot be explained as fa- 
tigue, so that all we can do is to formulate the facts, calling it an 
•* after-effect," or other name which carries no implication as to its 
nature. We should perhaps have parallel phenomena for this also in 
the case of a higher organism, which reacts to a sudden, unexpected 
shock, but does not react a second time, though the stimulus is 
repeated, and is perceived by the organism. 

Some farther data needed for forming an opinion as to which of 
these possibilities represents the truth may be obtained by varying 
the experiments. Striking the animal with the glass hair is a rather 
brutal method of experimentation ; reactions may be produced with 
much slighter stimuli, and the results are much clearer. 

For this purpose weak currents of water may be employed. This 
was done as follows: A tube 28 cm. long and of 5 mm. bore was 
drawn to a very fine capillary point and then filled with water. 
When the capillary end is below, there is of course a slight current 
of water from the tip, due to the pressure of the water in the tube 
above. Now the tip was brought close to an individual of Epistylis, 
so that the current flowed against the latter. At once the animal 
contracts. If the current is continued the Epistylis soon unfolds, 
and continues open and active in spite of the current. If now the 
tube is removed, so that the current no longer acts, then in a few 
seconds is restored, the animal does not react. Moving the tip of 
the tube over to a fresh specimen, this reacts at once. Moving it 
back to the first specimen, this does not contract. With a large 
colony of Epistylis, it was possible thus to test many specimens; 
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invariably the animal reacted to the stimulus of the current the first 
time, but later did not. In a very few cases a certain individual 
would react also to the second or third or even fourth stimulus, but 
soon ceased, and in a large majority of cases the animals reacted only 
the first time. 

In Stentor rceselii the same results were obtained. The animals 
invariably reacted to the first stimulus of the current, but none of the 
numerous individuals studied reacted to a repetition. Stentor caeru- 
leus behaves in a similar manner. In this species the individuals 
often respond only once by contraction, even to the stimulus of a 
stroke with the glass rod ; after the first contraction they react only 
by bending over into a new position. 

A large colony of Carchcsium polypinum was situated just beneath 
the surface of the water. Touching the surface film with a needle, 
the colony at once contracted strongly. It was allowed to expand, 
and the surface film touched as before. There was no contraction. 
Repeated touching of the film caused no reaction, except the first 
time. Jarring the branch to which a colony was attached gave rise 
to a parallel series of phenomena. 

From these results it is clear that the lack of reaction cannot be due 
to fatigue of the contractile elements. It is possible, as I have dem- 
onstrated by experiment, to keep Stentor continuously contracting 
for an hour at a time. Yet the animal responds only once to a weak 
stimulus; it cannot be supposed to have been so fatigued by this 
single contraction that it cannot contract farther. 

It seems evident also that the failure to react after the first time 
cannot be due to fatigue of the sensory or perceptive power. It can 
hardly be supposed that a single stimulus would result in such fatigue 
that further stimuli are no longer perceived. Moreover this suppo- 
sition is directly negatived by the fact that in many cases there is 
other proof that the organism does continue to perceive the stimulus. 
Thus, with Stentor caeruleus, as described above, at the first stimulus 
by tapping with the glass rod the animal contracts suddenly and 
strongly. After this it no longer contracts, but the fact that it per- 
ceives the stimulus is shown by its bending far over first in one 
direction, then in another, as the stimuli are continued, as if trying 
to avoid the blows. The impression made on the observer is very 
much as if the organism were at first trying to escape a danger, and 
later merely trying to avoid an annoyance. Similar phenomena may 
be observed with Epistylis and Vorticella. 
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Thus the third alternative seems the only conclusion to which we 
can reasonably come, in view of the facts. The organism becomes 
changed after stimulation, in such a way that it no longer reacts to a 
stimulus to which it at first reacted. There is a difference in the 
physiological condition of the organism before and after the stimulus. 
One can hardly avoid comparing these phenomena with the fact that 
in a higher organism a sudden unexpected touch or other stimulus 
will cause a reaction or " jump," when the same stimulus, not unex- 
pected, causes no reaction whatever. It seems not improbable that 
the phenomena are similar in fundamental character in the two cases. 

This resemblance is increased by certain further considerations. 
It is only when the stimuli are non-injurious that the unicellular 
organism ceases to respond upon repetition of the stimulus. If the 
stimulus is very powerful or injurious, the reaction is continued in- 
definitely. I attempted to accustom Stentor to the stimulus from 
a very minute quantity of -^^ NaCI, brought close to it with a 
minute capillary tube. Though the stimulus was repeated at very 
short intervals for an hour steadily, the Stentor reacted in every case; 
there was no indication of becoming accustomed to the stimulus. 

The changes to be observed in the character of the reactions to 
a given stimulus when repeated show the same relation to the nature 
of the stimulus. As described in the first part of this paper, when 
the stimulus continues, and is powerful so that the reactions also 
continue, the reaction does not remain the same^ but there is a series 
of different reactions. This series is a progression from less effective 
to more effective reactions, culminating in the animal's abandoning 
its place. On the other hand, as we have seen above, the reaction is 
sometimes changed also in the case of a weak stimulus, as when 
Stentor is tapped with the glass rod. But in this case the progres- 
sion is in the opposite direction, — from a strongs effective reaction 
(contraction) to a weak one (bending over to one side.) The course 
of the reaction series, whether from less intense to more intense, or 
vice versa, depends upon the nature of the effect of the stimulus on 
the organism. 

D. Analysis of the Observations, with Discussion of their 
Bearings on Certain General Problems. 

The examination of the behavior of Stentor shows a striking con- 
trast with the known behavior of Paramecium in the much greater 
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complexity and adaptability of the former. In Paramecium the be- 
havior seems made up of a few simple reflexes, with little variation 
or adaptability. In Stentor, on the contrary, this is far from being the 
case. This difference is due, I believe, to the different method of 
life. Paramecium is typically a free-swimming organism. As I have 
pointed out elsewhere,^ in the open water there are few stimuli to 
guide an organism, the conditions being nearly uniform in all direc- 
tions. Especially is this true in the case of an organism which, like 
Paramecium, is not sensitive to light. The result is the development 
of a few simple, almost machine-like devices for governing locomo- 
tion. Such a device is the spiral course, preventing the organism 
from aimless wandering in circles ; such a device is the invariable 
turning toward a certain structually marked side when stimulated, 
which is so striking in Paramecium. On the other hand, an organism 
on the bottom is continually receiving stimuli of varied character, and 
it develops in consonance therewith a varied behavior. This differ- 
ence between the behavior of free-swimming organisms and that of 
those which live on the bottom is very great, and its importance is 
not usually recognized. Even in the same individual the behavior 
becomes of a very different type on changing from one of these situa- 
tions to the other. Stentor when free-swimming has the same simple 
behavior shown in Paramecium, while in Paramecium and other 
infusoria the behavior is greatly modified by contact with surfaces.^ 

Proceeding to an analysis of the behavior of Stentor, it is evident 
in the first place that the same external stimulus is not always 
answered by the same reaction, but that the reaction given depends 
largely on the history of the individual (and thus upon its present 
physiological condition). Thus we find the following to be true: — 

1. After reacting to a given stimulus one or more times, if the 
stimulus is not a harmful one, the organism may cease to react, though 
the stimulus is repeated without change. 

2. After reacting to a given stimulus the first time by a very pro- 
nounced reaction (contraction), the organism may later react, if the 
stimulus turns out to be a non-injurious one, by a very slight reaction, 
as by bending over to one side. 

3. In the case of a stimulus which must in the long run be classed 

* See Jennings, 1901. 

- On some of the modifications in the behavior of organisms when in contact 
with surfaces, see especially Putter, 1900, and Jenxings, 1897, pages 305-312. 
There is opportunity for further investigation in this matter. 
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as harmful, as when a dense cloud of carmine is added to the water, 
a series of reactions is to be observed, becoming of more and more 
pronounced character, until by one of them the organism rids itself 
of the stimulus. The course of events in such a case is usually as 
follows: — 

a. No reaction at first ; the organism continues its normal activities 
for a short time. 

b. Then a slight reaction by turning into a new position, a seeming 
attempt to keep up the normal activities and yet get rid of the 
stimulus. 

c. If this is unsuccessful, we have next a slight interruption of the 
normal activities, in a momentary reversal of the ciliary current, — 
tending to get rid of the stimulus. 

d. If the stimulus still persists, the animal breaks off its normal 
activity completely, by contracting strongly, — devoting itself en- 
tirely, as it were* to getting rid of the stimulus, — though retaining 
the possibility of resuming its normal activity in the same place 
at any moment. 

This reaction is repeated many times, the organism extending and 
immediately re-contracting as soon as the stimulus is perceived. In 
this case it is interesting to note that the organism now responds at 
once to a stimulus (by contracting) to which it at first did not re- 
spond, or to which it responded only by a reaction of different, less 
decided character. In paragraph i above we have the opposite case, 
where the organism ceases to respond to a stimulus to which it at 
first did respond* 

e. Finally, if all these reactions remain ineffective in getting rid of 
the stimulus, the animal not only gives up completely its usual activi- 
ties, but puts in operation another set, having a much more radical 
effect in separating the animal from the stimulating agent. It 
abandons its tube, swims away, and forms another one in a situation 
where the stimulus does not act upon it. 

It is to be noted that this series of reactions is not of such a char- 
acter that each step necessarily produces the next one; on the con- 
trary, the bringing into operation of any step depends upon the 
ineffectiveness of the preceding ones in getting rid of the stimulus. 
The scries may cease at any point, as soon as the stimulus disappears. 

Further, the succeeding reactions are not mere accentuations of the 
preceding ones, but differ completely in character from them, being 
based upon different methods of getting rid of the stimulus. 
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Throughout the whole of the series of reactions the stimulating 
agent remains without change- The differences in reaction are due 
then to changes in the organism, — to such changes as in a higher 
organism might be called changes in the "state of mind." Here we 
may perhaps call them changes in the " state of protoplasm," though 
without implying that the two expressions are fundamentally different 
in signification. 

It is clear that it is impossible to bring such behavior under the 
rubric ** tropisms " or " taxis," or to present it as purely reflex in 
character ; we must at the very least take into consideration physio- 
logical states of the protoplasm, as well as reflex factors. To gain a 
really satisfactory insight into the behavior, it is necessary to go 
farther than this, and t6 take into consideration the ends to be 
attained by the different reactions and changes in reaction, — though 
whether this necessity has its foundation only in the human way of 
looking at things, of is really inherent in the behavior of Stentor, 
is a question on which there may be difference of opinion. In any 
case it will be well to analyze the behavior a little farther from this 
point of view. So far as outward appearances go, Stentor seems to 
react, like a higher organism, not merely to a stimulus now present, 
but to what is to come, — to the results of the action, as well as to the 
present conditions. The changes in the reactions, as the stimulus 
continues, seem to be directed toward the end of getting rid of the 
stimulus, — a different method being tried when one method fails. 
In the method of formation of a new tube, the same apparent reference 
to an end to be attained is forced upon the attention ; there is no 
visible stimulus for the backward and forward movement of the 
Stentor, which results in the formation of a new tube; no reason 
that can be seen for this movement, except that it does form a tube. 

We have thus in this unicellular organism the outward signs of 
action directed toward the accomplishment of certain ends, and thus, 
in so far, of intelligent action. There are, of course, a number 
of different ways of interpreting such phenomena. To say that 
the reaction is really directed toward the accomplishment of an end, 
is to say that the animal reacts, not merely to a present external 
stimulus, but also to a non-present result of its reaction. This 
is only possible if the organism has already, at some previous time, 
experienced this result, so that the latter has left a trace; has 
modified the organism, — changed its physiological condition. The 
organism when stirnulatfed reacts in accordance with, or in conse- 
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quence of, this modification, as well as in response to the external 
stimulus; the result is action directed toward an end. 

Thus in action directed toward the accomplishment of an end there 
is an element in the organism, — a " trace " or " modification," corre- 
sponding to the result to be attained, and due to previous experience 
of this result. But a different view is often taken of action which 
appears outwardly to be directed toward the accomplishment of a 
certain result. In many such cases it is maintained that the organ- 
ism really has no trace or modification corresponding to the result 
attained. In the case of Stentor, it would be held that the organism 
has become a sort of mechanism which gives a definite series of re- 
sponses, when energy of such and such a character acts upon it 
under such and such conditions, for such and such a period of time. 
The result follows just as a precipitate is produced in a chemical 
reaction. The difficult problem according to this view is how 
reactions happen to be produced that are adapted to the accom- 
plishment of certain ends. This is explained (usually) by natural 
selection. 

In many of the instincts of higher organisms, such a view as that 
last set forth seems forced upon us by the fact that the organism has 
had no opportunity to get impressed upon it any trace or modification 
corresponding to the result to be produced. The animal responds 
before it has ever experienced the result. Cases of this sort will 
occur to every one. 

In Stentor, however, this difficulty perhaps hardly exists, since it 
is not possible to separate sharply the given Stentor from its ances- 
tors that may have experienced the results of any given reaction. 
Since each Stentor arises by simple division of a previous Stentor, 
there is here no special difficulty in the inheritance of acquired 
characters. If a given Stentor has become modified by certain 
experiences^ there is no evident reason why the two Stentors de- 
rived from it by division should not retain this modification. Hence 
we have no absolute ground for maintaining on this basis that in 
Stentor the apparent reaction with reference to the result to be 
attained is not really a reaction with such reference. In other 
respects, we seem to have the same problem in attempting to 
explain the behavior of Stentor that we have in the instincts of 
higher animals. 

It may not be out of place, finally, to indicate the bearing of the 
behavior of Stentor on the problem of consciousness in the lower 
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organisms, a matter which has been much discussed of late. I do 
not see that there can be any objective criterion of consciousness, 
hence this question in strictness does not fall within the field of an 
investigation directed to the end of determining what observation 
and experiment can tell us of the behavior of an organism. But it 
may be of interest to point out the relation of the phenomena de- 
scribed to certain questions that have been raised. In former papers 
(Jennings, 1899^, P^^g^ 339J 1899*, P^g^ I3)» I expressed the opinion 
that in Paramecium the behavior was comparable to that of an isolated 
muscle, and that *' we are not compelled to assume consciousness or 
intelligence in any form to explain its activities.'* This statement is, 
of course, well within the facts, as far as objective investigation can 
give them to us, yet it is perhaps of little significance, since it could 
probably be made for any organism, outside of the self. The behavior 
of Paramecium is of a character to emphasize strongly the possible 
machine-like character of the activities of the lower organisms. In 
Stentor we have a very different case, showing that the behavior of 
Paramecium cannot be considered a type for that of all infusoria. 
Paramecium has become adapted in its behavior to a very simple set 
of conditions, and its behavior is of corresponding simplicity. In the 
behavior of Stentor, we find all the outward indications of action 
directed toward the accomplishment of certain ends. We have then 
the same ground for attributing consciousness to Stentor as to higher 
animals which show behavior of a similar character, — no more, no 
less. 

In a recent paper Minot (1902) has expressed the opinion that 
" the function of consciousness is to dislocate in time the reactions 
from the sensations," — to inhibit the direct reactions at certain times ; 
to cause reactions at certain times to stimuli that have occurred pre- 
viously. '* This disarrangement . . . seems to me the most funda- 
mental and essential characteristic of consciousness that we know, — " 
" — and so far as we know, it belongs exclusively to consciousness." 

Judged by this criterion (substituting ** stimulus" for "sensation" 
as used by Minot) we should clearly have to attribute consciousness 
to Stentor. As shown above, this organism at certain times inhibits 
the reactions to stimuli, to which at other times it reacts strongly. 
Moreover, the nature of its reactions to a given stimulus depends upon 
stimuli previously received, and this I think is all we can mean when 
we say that an animal reacts at a certain time to a stimulus previously 
received. I confess that Dr. Minot's criterion seems to me by no 
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means an absolute one ; and that unconscious mechanisms could be 
constructed, and indeed do exist, in which there is a dislocation in 
time between the action of an outer agent upon the machine and the 
reaction of the machine, similar to that which we find in organisms. 
It is nevertheless interesting to find the behavior of a unicellular 
organism falling within the category that would be considered con- 
scious by Minot. 

If we consider now the criterion held by Loeb and Bethe, — that 
consciousness depends upon associative memory, upon the power 
of learning, — it is perhaps not so easy to decide where Stentor 
stands. The changes in reaction when the stimulus is long continued ; 
first no reaction, then bending into new position, then reversal 
of the ciliary motion, then contraction many times repeated, and 
final leaving of the tube, could perhaps be considered cumulative 
effects of the stimulus, and hence as not giving evidence of associa- 
tive memory. But this of course leaves quite out of consideration 
the fact these different reactions are all adapted, by different methods, 
to getting rid of the stimulus, and it is exactly this adaptation to an 
end that furnishes the real problem. How does the organism happen 
to give these particular reactions, thus adapted to the accomplishment 
of an end } If it gives these particular reactions as a result of experi- 
ence, it has learned, hence, on the hypothesis we are considering, it 
has consciousness. If it has not learned to give these purposive reac- 
tions, the only alternative hypothesis as to how this has come about 
is, so far as I am aware, through the action of natural selection upon 
chance movements. 

All together, it must be clearly recognized, I think, that objective 
study can give us nothing final on the problem of whether conscious- 
ness does or does not exist in the lower organisms. We can have 
indeed no absolute proof of the existence of consciousness outside 
of ourselves. Whether one holds that Stentor and Paramecium have 
or have not consciousness will depend chiefly upon his general 
system of philosophy, which is of course not mainly determined by 
observation and experiment. 

E. Summary. 

The foregoing paper comprises a study of the behavior of Stentor 
roeselii, Stentor cseruleus, and Vorticella. 

Taking Stentor rceselii as the type, the following are the most 
important points brought out: 



58 If. S. Jennings. 

I. In the unstimulated Stentor the ciliary motion causes a vortex 
whirling to the left and descending to a point on the left oral side. 
Only a small part of the water or suspended material in the vortex 
reaches the mouth. The unstimulated Stentor does not contract. 

II. Under the influence of slight mechanical stimuli, as when 
carmine grains or other small objects are carried to the disc by the 
vortex, the behavior is as follows : — 

A. For a time the normal behavior may be continued, some of the 
particles being ingested. 

B. In some cases the Stentor may bend toward an object touching 
one side of the disc (" positive thigmotaxis "). 

C. With repeated weak stimuli, the Stentor may react the first 
time by contraction ; then cease to react farther, though the stimulus 
is continued. Or the animal may react the first time by contraction ; 
later by merely turning to one side, as described in paragraph i, 
below. 

D. When the objects striking the Stentor are very numerous or 
large or are combined with a chemical stimulus, or are otherwise 
unfavorable, there is a series of reactions, as follows : — 

1. The Stentor first bends into a new position, by twisting on the 
long axis, then bending toward its aboral side. It may thus rid 
itself of the stimulus; if not, this reaction is usually repeated a 
number of times. 

2. If the reaction described above does not rid the animal of the 
stimulus, it next reverses the ciliary current for an instant. This 
reaction may be repeated a number of times. 

3. If the stimulus still continues, the animal next contracts into 
its tube. This reaction is repeated many times, if the stimulus 
continues, and usually the period during which the animal remains 
contracted becomes longer. 

4. Finally, if the stimulus continues, the animal lets go its hold 
and abandons its tube. It swims away through the water, its be- 
havior while free being similar to that of Paramecium. After a time 
it forms a new tube, by a peculiar process, in another place, where 
it is not affected by the stimulus, and remains there. 

III. Under chemical stimuli (1) the reactions are essentially the 
same as above described for mechanical stimuli, the series 1-4 
described above taking place in a similar manner. (2) The distri- 
bution of a diffusing chemical approaching the Stentor is determined 
by the ciliary vortex of the Stentor. The result is that the chemical 



r 



On the Behavior of Fixed Infusoria. 59 

arrives at the mouth and oral surface of the Stentor before it touches 
any other part of the body ; the latter may remain for a long time 
quite unaffected. Hence the conditions necessary for the orientation 
of the body in lines of diflfusing ions are not present, and such 
orientation cannot occur. This is true also for other ciliate infu- 
soria; probably also for flagellates. 

Similar considerations apply also to the reactions to temperature 
variations in the water. 

IV. To osm6tic stimuli Stentor responds only after plasmolysis is 
far advanced. 

V. In Stentor caeruleus the behavior is essentially similar to that 
of S. roeselii, — the same series of reactions being given to continued 
stimuli. The following differences are to be noted: — 

1. Stentor caeruleus does not bend toward a weak mechanical 
stimulus at one side of the disc, as does S. roeselii. 

2. Stentor caeruleus has no tube and abandons its place of attach- 
ment much more readily than does S. roeselii. 

VI. In general the reactions of Vorticella are similar to those of 
Stentor, though it was not observed to abandon its place as a response 
to stimuli. 

VII. Stentor, Vorticella, Epistylis, and Carchesium were found 
to become accustomed to repeated mechanical stimuli, so that they 
cease to respond by contracting when the stimulus is repeated. 
This is not due to fatigue, since they frequently respond only to the 
first stimulus. It is likewise not due to lack of perception of the 
stimulus, since after ceasing to contract they often give other evi- 
dence that the stimulus is perceived. 

VIII. On the whole the behavior of Stentor is complicated, as 
compared with that of Paramecium, and shows considerable power 
of adaptation. Whether the animal reacts to a given stimulus or 
not, and how it reacts, depends upon previous subjection to this 
stimulus, and upon the previous method of reacting to it. If a 
stimulus continues, the animal gives a series of reactions which are 
not invariable in order or length of continuance; each reaction of 
this series is adapted, by a different method from the others, 
to getting rid of the stimulus. These reactions, together with the 
method of forming a new tube, have the appearance of being directed 
toward the accomplishment of definite ends. 
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STUDIES ON REACTIONS TO STIMULI IN UNICEL- 
LULAR ORGANISMS. X. THE MOVEMENTS AND 
REACTIONS OF PIECES OF CILIATE INFUSORIA.- 

H. S. JENNINGS AND CLARA JAMIESON. 

The present paper records an attempt to investigate by opera- 
tive procedure the division of labor among the organs of locomo- 
tion of the ciliate body ; to determine the part played by cilia of 
different position or structure in the usual movements and reac- 
tions. In many of the Ciliata the body is much differentiated, 
often bearing a number of different sorts of simple or compound 
cilia, variously distinguished as membranellae, cirri, setae, cilia 
proper, and the like. In such organisms as Stylonychia (Fig. i) 
and Stentor these different structures have a characteristic distri- 
bution, and apparently differ markedly in function. Even in less 
differentiated infusoria a distinction between oral or peristomal 
cilia and body cilia can usually be made. 

Observation of the behavior of these animals indicates that 
there is a division of labor among these cilia in the production 
of the usual movements. The organisms as they swim through 
the water follow a spiral course, usually swerving continually 
toward one side, but compensating the deviation thus caused by 
rotating on the long axis. The swerving is as a rule (though not 
invariably) toward the side away from the peristome or the oral 
cilia. The stroke of the oral cilia is of such a character as to 
tend to turn the body toward the side opposite to that on which 
they are situated, so that the swerving appears to be due to these 
cilia, — aided, as a rule, by the form of the body. 

In reacting to most stimuli, these organisms turn toward a 
structurally defined side (see Jennings, 1900), and, as a rule, this 
is again the aboral side, or that opposite the oral or peristomal 
cilia. Observation indicates that this is due to the stroke of the 
oral cilia, or in some cases to a still smaller and more localized 
group of cilia. This has been set forth by a number of authors, — 

' Contributions from the Zoological Laboratory of the University of Michigan, 
No. 56. 
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notably by Pearl (1900), in the case of Colpidiiim, and by Putter 
(1900, p. 273), in Stylonychia. In Colpidium, according to the ob- 
servations of Pearl, it is a group of cilia at the anterior end of the 
body which, invariably striking toward the oral side vvhen the animal 
is stimulated by the electric current, cause the body to turn toward 
the aboral side. In Stylonychia it is the entire group of peristo- 
mal cilia that, striking toward the oral side, cause the body to 
turn toward the aboral side.^ We can testify from our own ob- 
servations that these relations seem clear. One naturally con- 
cludes, therefore, that the side wise motion is determined by these 
peristomal or anterior cilia, and that if they were removed the 
motion would no longer occur. Massart (1901, p. 27), on the 
basis of Pearl's work, accepts the idea that the sidewise move- 
ment is caused by different cilia from the backward or forward 
motion, — aiding thus to distinguish between what Massart calls 
phobism (the backward movement in reaction) and clinism (the 
lateral movement). 

The work here set forth was undertaken for the purpose of 
getting further light on this and related matters. If the anterior 
or oral cilia are removed by operation, will the organism no longer 
turn toward the aboral side when stimulated ? And is the char- 
acter of the spiral swimming modified by removal of such cilia ? 
In general, does the removal of specific groups of cilia (with the 
accompanying alteration of the body form) have specific effects 
on the movements of the animal ? 

The behavior of pieces of infusoria has been studied by Ver- 
worn (1889) and Balbiani (1888).* The results of these investi- 
gators are of the greatest interest, but do not touch specifically 
the questions raised above. They found that pieces of ciliates 
move in general in the same manner as do the entire organisms. 
The reaction to stimuli by turning toward a certain structurally 
defined side, and the swerving toward a structurally defined side 
in the spiral course, in the uninjured animal, had not at that time 
been observed, so that these matters were, of course, not observed 
for the pieces. The questions proposed in this paper were there- 
fore not touched by the experiments of Verworn and Balbiani. 

^ These are aided in the turning, according to PUtter, by the ** running cilia." 
' Balbiani' s paper we have been unable to consult, so that we must depend upon 
the account of it given by Verworn. 
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In giving an account of the results of our experimentation, 
matters which were described by Verworn (1889) will not be 
dwelt upon, but the account will be confined to the points bear- 
ing on the questions raised above. 

The operation of cutting the animals was done with a small 
knife, under the Braus-Driiner stereoscopic binocular, which has 
great advantages for such work. It was 
found best to cut. the animals when resting 
against a clean glass surface. Most of the 
operations can be performed by the aid of 
some patience without great difficulty. In 
all cases the results set forth are drawn from 
experimentation and observation on a con- 
siderable number of specimens. 

I. StylonycMa, — Putter (1900) gives a 
full account of the normal movements of 
this animal when uninjured, with a careful 
analysis of the action of the different cilia in 
producing the movements. For our pur- 
poses it is important to note the following 
different movements, (i) The animal runs 
forward on surfaces, chiefly or entirely by 
the aid of the ** running cilia" b. Fig. i. 
(2) When stimulated it jerks back a little, 
then turns to the right or aboral side. 
This turning appears to be due to the lateral stroke of the 
large peristomal cilia a, (3) The animal may also swim freely 
through the water ; in doing so it swerves continually towards 
its right side, and revolves on its long axis from right over to 
left — the resulting path being a spiral. The swerving toward 
the right appears to be due to the lateral stroke of the peristo- 
mal cilia, and the revolution on the long axis might well be due 
to the same factor. 

When Stylonychia was cut in two transversely just behind the 
mouth, so that the entire peristome remains with the anterior half, 
the pieces move as follows : 

I. Anterior half, possessing peristome (Fig. 2, a), — After the 
first shock effects, the movement throughout is nearly like that 




Fig. I. Stylonychia^ 
ventral surface, showing the 
distribution of locomotor 
organs (after Piitter, 1900). 
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of the uninjured animal, but somewhat more rapid than usual. 
The piece runs .forward on the bottom, turning to the right when 
stimulated. It differs from the entire animal in that it much more 
rarely jerks backward when stimulated, though it does this when 
the stimulus is powerful. When swim- 
ming through the water, it revolves to 
the right and swerves to the left, as in 
the entire animal. Since the anterior 
half possesses the peristome, the simi- 
larity of its movements to those of the 
uninjured animal was to be anticipated. 

2. Posterior half, without peristome 
(Fig. 2, b). — Immediately after the oper- 
ation the piece jerks rapidly backward, 
turning at the same time toward the 
right side. After a time it becomes 
quieter, and now it reacts essentially like 
the entire specimen, though it is some- 
what less active. If stimulated with the 
glass hair at the posterior end its runs 
forward ; stimulated at the anterior (cut) 
surface, it jerks backward "and turns to 
the right. Chemical stimuli cause the 
same reactions. A little ni/20 NaCl, 
or a weak solution of methylene blue 
was introduced with a capillary tube close 
to the piece ; on coming in contact with 
the chemical the piece backs and turns 
to the right, just as is done by the en- 
tire animal. 

Thus the presence of the peristomal cilia is not the determining 
factor for the invariable turning to the right as a response to 
stimuli. 

3. Posterior one fifth. — The movements are somewhat less 
well coordinated than in the larger pieces. But after the shock 
effects have ceased, the piece creeps forward, turning to the right. 
It swims slowly through the water, swerving to the right and 
revolving to the left, as in the uninjured specimen. 




Fig. 2. Anterior (<i) and 
posterior {b) halves of Sty- 
lonychia. 



\ 
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4. Anterior one third. — This is very rapid in its movements, 
and circles almost continuously to the right. In the free water 
it revolves in the usual way. When stimulated, it turns to the 
right, but does not jerk back. 

5. Middle one half. — This was obtained by cutting off the 
anterior and posterior fourths of the body. Its movements and 
reactions are essentially similar to those of the uninjured specimen. 

6. Right and left halves. — These were obtained by splitting 
Stylonyclda lengthwise. They move and react (after the shock 
effects have ceased) in nearly the normal manner. Thus, when 
stimulated mechanically or chemically, they jerk backward, and 
the right half turns toward its right (uninjured) side, while the left 
half likewise turns toward its right (injured) side. 

A specimen was cut lengthwise in such a way that the left 
piece was a strip comprising about one third the body. This 
moved somewhat irregularly, but reacted in the same manner as 
the left one half just described — though it evidently bore no 
part of the peristome. 

7. A small, left posterior corner, comprising less than one 
fourth the animal, reacted, after the effects of the shock had 
ceased, in the usual way — by backing and turning toward the 
right. 

Thus, on the whole, pieces of Stylonychia from any part of 
the body, if amounting in size to as much as one fourth to one 
half of the animal, move and react essentially like the entire speci- 
men. In very small or very irregular pieces the movements be- 
come irregular, as might be expected. 

Similar results were obtained with Oxytricha fallax^ and with 
a number of unidentified Hypotricha, though the smaller size 
makes most other species less favorable for such experimentation 
than is Stylonychia, 

II. Stentor cceruleus, — In Stentor the oral (or adoral) cilia or 
membranellae form nearly a circle at the broad anterior end of 
the body. Stentor, when free swimming, follows a spiral path, 
revolving from right over to left. It reacts to chemical and me- 
chanical stimuli by backing a little, then turning toward the right 
aboral side. It is evident to observation that the adoral cilia play 
a large part in the turning ; from their large size and their posi- 
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tion at one end of the body it would be natural to conclude that 
the turning is due to them alone. 

1. The entire anterior disk, with the adoral cilia and the mouth, 
was removed by a transverse cut near the anterior end (Fig. 3). 
The posterior portion {b, Fig. 3), having only the body cilia, 
swam through the water as usual, in a spiral, revolving from 
right over to left. The aboral side in Stentor cceruleus is usually 

curved in a very different manner 
from the oral side, so that it is pos- 
sible to distinguish the two sides 
even when the disk is removed. 
The specimen deprived of the disk 
and anterior cilia reacted to me- 
chanical and chemical stimuli by 
backing and turning toward the 
aboral side, just as does the unin- 
jured specimen. 

After a time the specimen attach- 
ed itself by the foot, and extended 
in the usual manner. Currents, 
due to the ciliary action, then 
passed backward toward the foot, 
or at times they were reversed, 
passing in the opposite direction. 
There was, however, no evident 
Fig. 3. Stentor, cut transversely whirlpool formed, with a definite 
just behind the disk. ^^^^^^^ ^^ j^ ^^^ uninjured speci- 

men. The animal from which the disk had been removed, after 
becoming attached, reacted to mechanical stimuli by turning into 
a new position, and later by contracting, just as happens in the 
uninjured specimen. (On the behavior of Stentor, see Jennings, 
1902.) 

2. The disk portion (Fig. 3, ^z), bearing the adoral cilia and the 
mouth, also moved and reacted in the usual manner — revolving 
to the left as it swam, and responding to stimuli by backing and 
turning toward the aboral side. 

3. Posterior one fourth — comprising about one half the slen- 
der ** stalk" of Stentor. — This swims about, revolving to the 
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left. Whether on stimulation it turns toward a definite side could 
not be determined. After a time the small piece fixed itself by 
the foot and extended. The currents caused by the cilia were 
most of the time directed away from the attached end, being 
thus the reverse of the normal currents. At times, however, the 
current passed toward the foot. 

When stimulated mechanically, the piece responded, like the 
entire Stentor^ by bending into a new positiom, and later by con- 
tracting. 

III. Spirostomum ambiguum, — Essentially the same results 
were obtained with this large infusorian as with Stylonychia and 
Stentor. Both the anterior half, bearing the adoral cilia, and the 
posterior half, without adoral cilia, move and react in much the 
same way as does the uninjured individual. They revolve to the 
left when swimming freely through the water, and turn toward 
the aboral side when stimulated. The anterior half moves more 
rapidly than does the posterior half, and when stimulated turns 
through a much greater angle than does the latter. The poste- 
rior half, if not strongly stimulated, frequently remains nearly 
quiet, or oscillates back and forth, as described in the third of 
these studies (Jennings, 1899). If stimulated mechanically or 
chemically, however, it backs and turns toward the aboral side. 

A posterior one third of the body reacts in the same manner 
as the posterior one half. 

A minute piece from the posterior end, less than half the 
length of the contractile vacuole, moved in the normal fashion, 
revolving to the left, and moving with the anterior (cut) end in 
front. The reactions to stimuli in such a small piece are very 
difficult to determine. 

IV. Paramecium caudatum. — Para7necium is, of course, much 
less favorable for work of this character than are the infusoria of 
which an account is given above. This is due in part to the 
minute size and rapid movements of Paramecium ; in part to the 
strong tendency for the cut pieces to disintegrate at once. But, 
with much patience, satisfactory anterior and posterior halves can 
be obtained. 

I . Anterior half, bearing the oral groove and mouth (Fig. 4, a). 
This moves and reacts almost exactly as does the entire animal, — 
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revolving to the left, and turning toward the aboral side when 
stimulated mechanically or chemically. 

2. Posterior half, without oral groove or 
mouth (Fig. 4, b). Much pains was taken to 
remove the entire oral groove and mouth, so 
that the posterior piece was usually a little 
less than one half the body. It was possible 
to distinguish the aboral side by the presence 
there of the contractile vacuole. The pos- 
terior half swims in a spiral, revolving, like the 
uninjured animal, to the left, and keeping the 
aboral side to the outside of the spiral. Its 
movements are slower than those of the an- 
terior half, and it is much less sensitive, not 
reacting so readily to stimuli. The reaction 
to mechanical and chemical stimuli is by jerk- 
ing backward and turning toward the aboral 
side, as in the uninjured individual. Thus the 
presence of the oral groove and oral dlia is 
not necessary in order that the usual move- 
ments and reactions may occur. 

3. Middle third of Paramecium (anterior 
and posterior ends removed). — This behaves 
essentially like the anterior and posterior halves, 
or the entire animal. 




Fig. 4. Parame- 
cium cut transverse- 
ly, a, anterior half, 
with mouth and oral 
cilia. ^, posterior half, 
without mouth or oral 
cilia. 



Summary and Conclusions. 

In all the Ciliata studied, including several of the Hypotricha 
{Stylonychiay Oxytricha, etc.), two of the Heterotricha {Stentor 
and Spirostomutn)^ and one of the Holotricha {Paramecium), the 
movements and reactions of pieces of the organisms, if these are 
not too minute or too irregular in form, are essentially similar to 
those of the entire animal. The pieces swim in a spiral, swerv- 
ing continually toward a certain side, just as do the entire organ- 
isms. They react to chemical and mechanical stimuli by back- 
ing and turning toward the same structurally defined side, as do 
the entire animals. This is true of pieces forming one fourth to 
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one half the entire animal, whether taken from the anterior end, 
the posterior end, the right or left side, or the middle of the 
body. It is true, whether the piece does or does not bear any 
of the oral or other differentiated cilia. 
These results establish the following facts : 

1. The turning toward a structurally defined side after stimu- 
lation is not produced alone by the oral or peristomal or anterior 
cilia, or by any particular set of cilia, since it takes place in pieces 
of the body containing no specially differentiated cilia. 

2. The swerving toward a certain side in the spiral swimming 
is not due alone to any special set of cilia, since it occurs in^pieces 
from any part of the body. 

3. The swerving toward a certain side is likewise not due to 
the geometrical form of the body (as to a groove on one side, 
such as we find in Paramecium), for it continues when the form 
of the piece is essentially altered (as by the removal of the oral 
groove in Paramecium). 

4. The revolution on the long axis in a certain direction, while 
swimming, is not due to any special set of cilia, nor to any pecu- 
liarities of form of the body, since it occurs in pieces from all 
parts of the body. 

5. From the foregoing paragraphs, 1-4, it must be concluded 
that the revolution on the long axis, the swerving toward a 
defined side in the spiral course, and the turning toward a struc- 
turally defined side when stimulated, are due to the method in 
which the cilia strike. This peculiar (one-sided) stroke is not 
limited to any particular set of cilia, but is shared by all the 
body cilia. 

Division of labor is thus not marked, so far as these points are 
concerned, among the locomotor organs of these animals. As 
any portion of a crystal is organized like the entire crystal, so in 
the Ciliata any piece of the body, apparently, is organized so as 
to move and to react to stimuli in the same manner as does the 
entire animal. 
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TROPISMS 
By H. S. JEHiJNiNGg 



The Uipones grouped about the troplsujs \\n\'p lonj? been tli^ renter 
nf ffi>c«^sion : of criticism and defense. What are the tropisin^^V Wlunt 
part iin thev fjlay in ihe behavior of lower ft n tin silsV \V hot have iieen 
tfie ibeoricK eonncct*Hl with theni, what the ^qx>unfl>! of critici;<ins, and 
how far are these justified? Is it possible at the present time to reach 
denmess, and perhaps agreement, on these questions V 



\% lial Im I lie Trcipismli V 

Tropisui i*^ an apjiropriate iiosf:ri]>tivr and colli^ctive tei^ni for classify- 
m^ ceHain oljjectivr jilienoniona oli^erved in the movenn^nts of organ* 
isuis. The tropmn indndes iliose reacHons in ivhieh the arfffttiimn takes 
fittfl maifdaiffs a deftHHe orlpidaimt ^ jdaces ihe arif^ uf Hs hiydif in n 
dv flit de posit ioH — with relation t^ Home ejie^rmtl sontrp of Hfimnlniiuu. 

TIh* tmpisni ihus names an observed phenomenon, and certidnlyat 
tirst without any theoretirni implications as to how it is brought ahnut. 
Tfje ground for s(*pa rating? off tli*^sr tirienifdious from the "jfreat mass of 
ri^adions. ami jxivin^ them a separate name as Iroplsm or inxis, is much 
clearer in a s^tudy of the artnul piienomena than appeal's when one 
attempts to df^scriin^ tlifMn in wnrds. It is most strikitig to observe that 
under c^Ttain stimuM tln' organism takos up atid retains a detinitf 
(lo^ition. with its body in line with tfie direction from which the stimul- 
ating action comes, while nnder otlier stimuli tills rioes not, occnr. The 
typical ca.'^e Is the pnsition takeri \\y many plants and animals wdien liglit 
^In'nes upon thei[i Hon! a crtHin direcSion. The hehavic^r then is so 
different from that shown by the samn oi'ganisni when a chemical oc 
Mteelianical or temperature slimnhis lotnes from orie side tliat the need 
lor a separate descriptive name is evident. 

In accepting orienPtiioH as a chief criterion of the tropism. 1 nin in 
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agreement I believe with the other investigators who are to report on 
this matter; certainly with Loeband Bohn. In a dissertation prepared 
under the direction of Professor Loeb we read « Loeb has pointed out 
that every true tropistn is due to an orientation of the organism)}^ and 
again i< Orientation and tropisyn are 5y wo wy/now5 expressions » '. Bohn 
explicitly accepts the tropism as defined by Loeb-. 

But it is of tlie utmost importance to recall the fact that an entirely 
different usage of the word is common. Many authors use the word 
tropism (or its equivalent, taxis) for all movements of advance and 
retreat, without any reference whatever to the existence of orientation. 
This is the usage of Pfeffer, one of the greatest of general physiologists; 
and in this usage Pfeffer is followed by a great body, both of botanists 
and zoologists ^ This usage is perfectly justifiable if agreed upon : 
certainly no better authority on such matters can be found than Pfeflfer. 
Pfefier and his followers recognize that in the tropisms we have a most 
heterogeneous mass of phenomena, and it is their endeavor, by investig- 
ation, to break this mass into subordinate classes. The tropism is not 
defined a priori; how it in brought about is a question to be determined 
by observation, in each case. Thus we find various sorts of ti-opisms (or 
taxis) distinguished : phobotropism, topotropism, etc, etc. ^ Some of our 
best authors follow this usage in the study of the behavior of animals. 
For example, Washburn, in her recent admirable book « The Animal 
Mind » (1908) defines the ti^opism as follows: a The direct motor response 
of an animal to an external stimulus is known as a tropism » (p. 57). 

Although I hold this very general usage to be entirely defensible, I 
shall not employ it farther here, save to point out how far authoi-s may 
be at cross-purposes in using the word tropism in different senses. 
Discussion or criticism of theories as to the part played by tropisms in 
behavior, when the tropism is limited to orientations, or is otherwise 
rigidly defined, of course loses all point if one means by the tropism 
merely any « direct motor response of an animal to an external stimulus ». 
Misunderstandings based on this difference of usage have been common. 
Throughout the present paper I shall use tropism as signifying an orient- 
ation, as employed by Loeb, Bohn and others. 
Em|)loyed thus as a collective name for all reactions in which a definite 

' Garrey, W. E. The effect of ions on the aggregation of flagellated infusoria, 
Amer. Journ. of Physiol., vol. 3, 1900, pp. 292 and 313. 

* Sec Bohn. La Naissance de V Intelligencey 1909. 
' The present author formerly followed this usage. 

* See Ppekper, Fflanzenphysiologie, Bd. 2, p. 765. 



and continund axial orientation is a prominent feature, the term tropisni 
is useful and usually clear. It involves no theory, and there is no 
^ound for entidzing its eni]>ioynient, when used in conformity with 
tlie facts; so far as I am aware, there has been no eiitieism of j^ueh 
employment 

Cri (lei «•« 1119 off TlieoriesD of Tropi!i«ui». 

To understand the criticisms and discusf^ions that have occurred, it is 
necessary to distinguish the theories of tropisms from the tropisms 
themselves. Trojiism is merely the name for rertain observed phenomena 
of behavior. The thmries of tropisni have dealt with the essentia! 
Dature of these phenomena: with supposed uniform ways in which these 
observed phenomena are brought about: and with genej-alizations as to 
the part played in the behavior of lower organisms by the tropisms : 
they have necessarily, like all theories, outrun the facts. The criticisms 
have borne upon these theories, not upon the useof the word tropism 
for classifying enrtain facts. 

Criticism of r^ the tropism tbeoiT )», so far a!= the prest^nt writer is 
concerned, has been directed against the following : (1 ^ Against the 
applicability of the tropism conc**pt to certain concrete fields of behavior 
tn which it had been (incorrectly) applied ; (2) Against the uniform 
explanation of these reactions by certain simple processes: (8) Against 
judgments of the nature of reactions in lower organisms based too 
exclusively on the tropisms and their supposed uniform explanations: 
H) Against overestimation of the part tropisnis play in \\w belmvior of 
lower organisms. Its main purpose was to bring out the complexity and 
regulatoiT character of behavior in lower organisms, and the great 
number of factors on which it depends, as against a theory of uniformity 
find simplicity. 

Ap|Bllenfi<»n of flic Troiii!«$iii Concept to React iohn 
ilisil ;ii*c- not Tco|ii«^inN, 

» 

It was natural, in the early stages of investigation, to genera lis^e the 
inetliods of action si^eu in the tropisms; to hold that the reactions to 
other stimuli, not yet studied, were of the same sort. After discovering 
that in the reactions to light to gravity^ and to the electric current, 
orientation was a prominent feature, it was concluded that reattions to 
ch(-inicalSj to osmotic pressure, to niechanical stimuli, to lie^d ami cold. 
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and the like, were of the same sort. Cheinotropism, tonotropism, stereo- 
tropisin, tliigmotropism, thermotropism, and many other terms of the 
samesort were words commonly applied to these reactions; all were given 
a place in a general theory of tropisms, which was supposed to unify the 
reactions of lower organisms \ 

But on further observation it turned out that the idea of orientation 
does not apply in most of the reactions to these stimuli, so that they are 
not tropisms. It was in bringing out this fact: in pushing back the tro- 
pism concept from the fields whose possession it had usurped, that most 
of the criticism of the tropism theory arose. Happily, this condition of 
aflFairs has almost passed away ; the staunchest defenders of tropisms no 
longer apply the concept to these fields over which controversy so long 
raged. This will be apparent to the reader of the recent works of Loel)* 
and of Bohn ^. 

Accepting orientation as an essential feature of the tropism, and 
examining the part played by tropisms in the behavior of given orga- 
nisms, we find, if we select the unicellular infusoria for a concrete case, 
that the matter works out about as follows : Tropisms are seen in the 
reactions to light coming from one side; to gmvity; to the constant 
electric current, to centrifugal force, and to water currents. Of these, 
only the reactions to light and to gravity play any considerable part in 
the noimal life of the organisms. A very large proportion of the infusoria 
do not react to light, so that the reaction to gravity remains in these as 
the only tropism which plays any considerable part (and that a minor 
one) in their life. On the other hand, the reactions to chemicals (including 
all food reactions), to heat and cold, to all mechanical stimuli, to 
osmotic pressure, to unequal illumination, — these are not tropisms. 
for no orientation is involved in them. These reactions compose by far 



'For typical examples: The theory of tropisms was given for reactions to chemicals 
by LoEB (PflOger's Archiv, Bd 66, 1897, p. 442), and applied in a concrete case to 
infusoria by Garrey (Amer. Journ. Physiol., vol. 3, 1900, pp. 291-316). The reac- 
tion to contact with solids Loeb tells us in 1900 is « only another instance of a eim- 
ple tropism » (Comparative Physiology of the Brain, p. 184). More recently Loeb 
recognizes that this is not a tropism (Dynamics of Living Matter, 1906, p. 156). 
Mendelssohn (Pfltiger's Archiv. Bd 60, 1895, and Journ. de Physiol, et de Pathol. 
Gen. t. 4, 1902) applies the theory in detail to the reactions to heat and cold, in in- 
fusoria. It would be easy to multiply instances of this sort. Bohn in 1906 went so far 
as to say that at a certain time the word tropism cetait deveuu I'explication n^ces- 
saire et suffisante dans tousles cas. » (L'Annee Psychologique, t. 12, 1906, p. 143). 

* Dynamics of Living Matter, 1906, Lecture VIII. 

*La Naissance de V Intelligence, 1909. 
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the larger part of the behavior of the organisms; douhtJejiS ninety*five 
pt^r cent, or more* 

On this classification of beliavior 1 take it that there would he no 
disagree me lit If the reactions which are not tn^pi^niK be clasHified m to 
L*ei"tain features of the nature of the Htimulus causing them, they are 
what 1 have called " reactions to chanj^es » in tlic environmental 
conditions': what Loeb^ calls UHterschiedsempfimHichkeit, svMi Bolm ^ 
calis « *^ensibilite differentielle * ». 

On thi^; matter, then, the objects of the criticisms of tlie theories of 
tropi^m have in the progress of investi^atioTi been fully accomplished. 
The com pi ex i ty and va r i e t y o f be 1 1 a v i or I n ] owe r o rf^a n is m s ; th e g reat 
numl>er of factoi-s, internal and extei-nal, on which it dejjends; its 
modifiability and regulatory character, these things are now fully 
rec£^gni/ed; there is no furthe!' danger of domination of the field i>y a 
one-sided concept. The best evidence of this i.s tlie recent book by Dr Bohn ^ 
which, in its inipa^ssioned defense of the tropisui concept, narrowly 
defines and limits it^ use and insists upon the gn*at importance of other 
factors in behavior, Witii the main features of Bohn's procedure in this 
matter 1 am in hearty general agreement, in si>ite of Iiis picturesque 
denunciation of myself as the Great Adversary. 

* For A full discusisrDn of these. $t^v Chapter XVII imd iiiaiiy nther pnrt^ of my 
book, The Sehavior of Loicer OrgariijmLS iUMlB); also my pnp^r ou The Behavmr 
0f Paramecium (JoiirD. Tom p. Neurol, and Psyehoi*^ vol. XIV, 1904^ eapednUy 
IMiifefi 4^4-488). 

* LoEii, PflQgprjf Arehiy* vol. UVj IHUS, p. !^l ; Ih/mnmtcs uf Livhig Matter, I9^m, 
pjK 135437; JouriJ. Exp, ZooL, vnj. 1V% U>1)7, pp. iriM56. 

* BriH:?fj La Nait-^attve de VlnteUigetwe, L9i.)^l. iBohri makes rpppiitetUy the f^xtra- 
ordinarily iocorreci stiit^ment that [ hud not rein^rniated ihi« an a canKe of reaction^ 
«fheii m ft matter of fact it hai? formed the fiiudamcntnl point irj my pnieentation of 
the causiCH of rfaetioii, r^nd 1 have devoted perhaps humlredH of pai^e^ to expounding 
thft matter, Bolin ha^i merely intro<3uepd a new term. He^^ for eotrection of matiy of 
Boh II 's erroneous state uieots eoneerniii^ my work. !i review in a tbrthwjmiog number 
nf the American NatoraMst.) 

* I do not conshier this by any meaoii a satiafrtftory elassilieaEiou of hehavior. If 
under the stimulost of a change in the int€*nsily of n eertJitn environmental agent, 
one organism climbt; a tree, another jerks its* tail, while a third writen a book, it h 
hardly adeqnatf^ to merely elaBsify ail three as < reactions to changes * or aa 
* isensibilite differentielle *. Similar diffrretiees are found in the reactiont* of diverse 
lower organisms to such ehani*es in the conditions. What ih^ offfanmndofs fiiroishei* 
a better basis for chMsification ; It is such a hasih that I have employeil in my tjwn 
work. But this Ik awide from our present jitirpose^. The dii^tinetion between such 
inactions and tbe tropismw is generally recognized. 
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It is clear therefore that agreement prevails over a wider field than is 
sometimes supposed. We all agree that there exist in behavior phenomena 
for which the word tropism is an appropriate name. We agree further, 
I judge, that a large share of behavior in lower organisms is made up of 
phenomena that are not tropisms. I believe further that there is 
agreement in the main on the general principles of interpretation. Loeb 
says in a recent paper, with regard to the tropism concept a My aim was 
to analyze the behavior of animals from a chemico-physical point of view 
and substitute the methods of modern science for the anthropomorphism 
of the metaphysician * ». With this aim we doubtless all heartily agree, 
and the indebtedness of biology to Loeb for keeping this ideal to the front 
cannot be too strongly urged. But Loeb goes on to say that « In this 
attempt it made no difference to me whether the elementary components 
of the complex a Animal Behavior » were found to be of the type » of the 
tropisms or of Unterschiedsempfindlichkeit « or of any other definite 
function ». Now, it so happens that there are certain investigators to 
whom this cLoes make a dift'erence ; certain in vestigatoi^s that are interested 
in the actual facts of behavior; that wish to know what the elementary 
factors are, or whether we have really reached these elementary factors 
yet. It was entirely with i-egard to these questions of fact that criticism 
of the tropism theories arose. The question was as to whether a particular 
analysis as made is really adequate or not. My own aim was to bring out, 
as the facts seemed to require, the complexity, modifiability and regulatory 
character of behavior, and its refusal to fit any simple and uniform 
schemata. There is nothing in this aim inconsistent with ultimate 
physico-chemical analysis; the question is merely whether the problem 
is simple, easy, and practically solved at the present time; or complex, 
difficult, and hardly more than superficially touched at the present time. 
The latter I believe to be the case. 



The XJn!§(eiUed Question Regpupdinfi^ Tropisms. 

We agree then I believe that much of behavior is not tropism. There 
remains a question relating to the tropisms themselves, taking the 
tropism as narrowly limited to reactions in which orientation is a 
prominent feature. This question is : 

Is the tropism a well-defined, simple, uniform, elementary phenomenon? 
Or is it a collective concept, comprising under a single term phenomena 

» Journ. Exper. Zool., vol. IV, 1907, p. 162. 
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that jigiTe in certain I'Oj^pects, hut difiVr widely in others, and including 
reactions of a high degree of complexity ■:* 

On this question there is still difierence of opinion, souk? investigators 
holdin|£^ thf former view, Ronie the latter. The hest way to examine the 
matter will l>f* to take up in series the main points that have been set 
forth as chnracteristie of the ti^opisins, and as rlistinjruishing them from 
other features of behavior, I shall diseusi^ the matter nminlj with 
relation to unicellular organisms, since this is the field with which I am 
most familiar, but I shall not exclude facts derived from the study of 
other groups. 



Tlie Hoe trine of I lie Uuifcii-mity of Tro|>iHiiis. 

There naturally arose, in the early stages of investigation, before the 
facts were well worked out a tendency to assume that all tropisms are 
alike, — not alone in the fact of orientation, but in other respects; in 
the determining conditions, and in the way the organisnis react to 
tbe^ie conditions. The tropisni was considered a uniform, homoge- 
neous phenomenon, following in all cases the same laws ^ This* in my 
opinion, has shown itse)!' to hv n mistake. Let us exatniue the facts 
on this matter. 

In considering whether the tropisms are identical in all cases, we must 
ask: (A) Are the reactions of the organisms the same in all cases? (B) Is 
the effect of the external ag<Mit on the organism the same in all cases? 
(C) Is the nature of the stimulating anient tlie same in all cases? 

A. — Are the reactions of the organisms the same in all tropisms? T(^ 
anyone fnuiiliar with th(^ ninltifarious activities of the lower organisms. 
this question needs only to be asked in ordr'i" to be answered in the 
negative. There are several distinct jmints to In' made hei'c : 

tl ) The action of the or^nnisnts in reaching the position of orientation 
differs in different eas(»s ■ 

[a) In differs fit organisms the oriented position is i^ached in very 
different ways, depending on the ft action system d, or cbaracteristic set 
of usual activities of the aninml in ijuestjon. In ln^comin^ orientt^d to 
light the infusoria, such as St<>ntor and Euglena, go through rornpli- 
rated spiral movements^ turning always toward a certain structurally 

* For eiample • Thcsi' tropisms are idpTitlfnl for Ahimnla i\xid plants, * Loeh, 
Comparatirf Phifsiolofji^ of the Brairi^ IdiHL p. 7. * It was possih!<* to shnw thfkt 
tlie heUotropism of a»imaU ngrcfd in pvery pnini with tliMt of plnnts, " [IbifL^ 
p. 181). 
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marked part of the body, while the planarian worm, the sea anemone, 
or the starfish does nothing of the sort, but turns directly to (or from) 
the source of light. 

{b) More important still, even the same organism, in different casCvS, 
— different a tropisms », — reaches the position of orientation in very 
different ways. This is a fact of capital significance, which needs to be 
clearly appreciated. It is commonly said that in the tropisms the 
ovganmn turn^ ds direcilt/ as jpossible into the oriented position (a fact 
that is often supposed to imply a particularly simple and elemental 
character in the tropisra). This, as I shall show, is not the case, — 
accepting as tropisms reactions which are characterized as such by the 
strongest advocates of the importance of the tropism concept. In the 
infusoria there are two strongly marked orienting reactions that are 
universally recognized as tropisms, — phototropism and galvanotropism. 
The action of the organisms in attaining the oriented position is eniirely 
different in the two cases. The facts here are perfectly well known. In 
galvanotropism the organism usually does turn as directly as possible 
into the position of orientation. It turns directly toward the cathode 
(or anode as the case may be), — whatever the position of its body when 
the electric current comes into action. 

But in phototropism the position of orientation is attained by the 
same organisms in an entirely different manner. The organisms do not 
turn as directly as possible into the oriented position. They reach the 
position of orientation by a complex spiral course, always turning toward 
the aboral side, never toward the opposite side •. The method of action 
is like that which they show in their other reactions, that are not 
tropisms. 

Thus phototropism and galvanotropism are in the infusoria quite 
different phenomena, so far as the action of the organisms in concerned. 
To say that they are the same is simply to leave the facts out of 
account. 

(2) A second point that needs to be realized in this connection is that 
the action, the position, and the path of the organism, after orientation 
is complete, differ in different cases. In the infusoria the action of the 
motor organs is entirely different in the orientation of galvanotropism 
from what we find in the orientation of phototiopism. In galvanotropism 
the cilia directed toward one pole (usually the cathode) are revei'sed; 



' Yet it JH not impossible for them to turn toward the opposite side, for in 
galvanotropism they do so. 
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in pIiototmpiHiu nothing of tlie mvi 0C4.'ui-s. Aj^aiiu in many animaLs 
>^uc1j a position is maintained that tin* twr^si'if^s are syniuK'tiirally aftfr- 
UmI by the stimu Inline tigeiit nnd tlie path followed i:^ siicli as to main- 
tain this posit ioiK This has even been taken by many anthoi\^ as a 
rriterion and esst^ntial f^'ature of tlie tropismV But in othor orgiuiisnis 
notbin|T of the sort is found. In Paranifrium, Stentor, Eu*^lena. and 
tht^cihati^ infusoria in g^^nrral. and in li^itifei'a, the path follow^'d in the 
tropisru is a spiral, and the organism eontinually rolls over and over on 
its lon^HKis. It would be difficnlr to imagine a path differinjinioro from 
that of the starfish or of the crustace^in. OrUiin oiher rasrs of this 
character we shall niention later* 

These fads certainly retiuin' consideration in connertion with snrh 
statiments as that the patli followed in the tropisms is invariable, tliat 
it on lie predicted heforrhand, and the iike^ .Such predictions can iie 
raade only on the baniK of a careful pndiniinary study of the organism 
and its action system; of the way it respontls to tin- stinmli to W* used: 
they cannot be made on the hasisofa general theory oftropisms. The 
man who, from a knowled^*^ of how the starfish and sea anemone behave 
in tlie orientation to light, should atti>mpt to predirt how the infusoria 
behave under the same conditions, would fail eoui)i]et*^ly. Mojv striking 
stilK he who from a knowledge of how Stentor lieconies orienti'd in 
galvanotropism, shonki predict how Stentor becomes orienftMl in photo- 
tropism. would likewise^ fail completf^ly. Different orffanmns respond ut 
the samp tnrjnsnfs Iff/ iliffereffi methods uf ftrf if m ; the same itefptffLsm 
respOH^fs w diffVretd ttftprnm by different methods of net ion. The tro- 
pism is not a uniform, elmieiital thin^. identical every wheri\ but is 
a descriptive and collective term for reaclifins having certain ccuninon 
characters, but differing in other respect^, TJus appears to me a 
statement of known facts. 

With sufficir^nt knowhdge of the natun* and liistory of an or^^anisui. 
and of it?* |n'*'vious reactions, reliable [jredictiiuis can lie njadi' as lo its 
Ijehavior under any given conditions. In this respect thei'c is no diffe- 

' For example •■ Xouh aEiiKUwjrif^ iii\]h quplqupii-iiiies dt*^ t^;uai'teristlijiir>i «'SBtM)- 
tipllpe de« tropiHinfS, urie fois que le moiivemcnt fst bleu eiablU d ^ tt vonstfimment 
mfmetne dan^ I'txcitii^Uim rle^>i dm^r cote^s^ du corps^ H le rhemin tiiiivi p^eiit vivv 
trace a t'Mvrinee eu iippliqiuuit leH >:iijipb!^ masiderutkMis de ht ^]e('alJiquf^ t;t de )» 
pbysiqup. ]* BoHs, La naifimnce dt I' JnleliigtHeej 1909, p, 120^ 

- Sre the Kmiemnit quoted from Buhu, m tlie ftarnKo^ng aot^: ;ilso tbf* follnwini; : 
* ct qui f^iriu teriKc k^s tropismcjii, cVst \n diivtiHun iinnriahEp ^|u Tuoiivempiit 
j lupoid par iiue foroe exterieurp. - (Bniix, L (.'., p. \22.} 
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rence in principle between the tropisms and all other reactions. All 
movements of animals are, we believe, fully determined; if we know the 
determining causes we can predict the movements, — in other fields as 
well as in the tropisms. But it is an accurate knowledge of the given 
organism and of the conditions, that makes possible such a prediction; 
a general theory of tropisms is utterly unreliable for such a purpose. 

The action of the external agent in the tropisms is sometimes said to 
be irresistible. On this point it appears to me that Dr. Bohn is in the 
right. « On dit souvent que les tropismes sont des mouvements irr^sis- 
tibles, mais ceci ne s'applique naturellement qu'aux cas ou les tropismes 
ont une intensity suffisante pour assujettir Tanimal, annihiler ses autres 
manifestations motrices'. » A parallel statement could of course be made 
for any cause of movement whatever, external or internal. Any cause 
of movement is irresistible if there is nothing to resist it. 

In this connection, further, it is often said that the tropisms are 
actions in which the will of the animal plays no part*. As a matter of 
fact, we know nothing whatever about the will in these lower animals. 
To say whether the will is or is not present in a given reaction, of course 
requires that the author shall have a criterion by which he can reco- 
gnize the will. Most enlightened students of the subject recognize 
that we have no such criterion, and that such matters as will have no 
place in the definition of an objective phenomenon. To argue either for 
or against the will in such matters is placing one's self on a purely 
anthropomorphic basis. 

B. — We have seen that the reactions of the organisms diiTer, in the 
tropisms, in different cases. How does it stand with the assumption that 
in all tropisms the action of the external agent on the organism is the 
same V 

(1) The same facts which we have set forth in demonstrating the 
varied reactions of the organism are pertinent in answering this ques- 
tion. In galvanotropism the effect of the external agent is, in the infu- 
soria, to cause reversal of the cilia on a strictly localized part of the 
organism. In phototropism and geotropism no such action occurs. (In 
reactions to chemicals, heat and cold, mechanical stimuli, osmotic stimuli^ 
variations in illumination, — it likewise does not occur, — but these 
reactions are not tropisms.) Just what does occur is in these case.s well 



' Bohn, I c, p. 132. 

^ • Nous donneroDS done le Dom de tropiRmeR k des mouvements oil la volont^ et 
les sentiments de Tanimal ne sont pour rien. » (Bohn,./. c, p. 117.) 
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known. The effect of the external agent is visibly and undeniably diffe- 
rent in different tropisms. If we compare different organisms, this is of 
coui-se oven more strikingly true. In the planarian the first effect ol 
getting out of orientation to light may be to cause such a contraction on 
one side of the body as will turn the animal directly into orientation. 
In Stentor or Euglena the effect is entirely different; a motor reaction 
of the entire animal is produced, of such a character that its first effect 
may be, and often is, to carry the animal directly away from the position 
of orientation. 

If then we care for the objective facts of behavior, these facts are that 
the external agent has different effects in different cases: (a) in different 
tropisms with the same organisms; (b) in the same tropism with diffe- 
rent organisms. 

C. — Another fundamental point often set forth as one in which the 
ti-opisms all agree, and in which they differ from other reactions, lies in 
the nature of the stimulus to which the organisms react. Tlie tropisms 
are said to be reactions to environmental agents of constant intensity, 
as distinguished from reactions to changes in the intensity of the envi- 
ronmental action ^ 

There is certainly no a priori reason for combatting this distinction. 
It appears mast natural to hold that when an organism takes and main- 
tains a constant position with reference to some external stimulus, such 
as light, it is reacting to the constant action of the stimulating agent. 
I have no desire to maintain that this view may not hold for many orga- 
nisms. But we are interested m the facts of behavior, as revealed by 
experimental analysis, and particularly in the question whether all tro- 
pisms are alike in this and other respects. As a matter of fact, the most 
careful and detailed analyses ever made of the typical tropism called 
phototropism, in the unicellular infusoria, seem to show clearly that this 
is not really a reaction to environmental action of constant intensity, but 
that, on the contrary, it is due to a series of reactions to changes in the 
action of the environment on the organism. I made a most thorough 
experimental analysis of the reaction to light of the ciliate infusorian 
Stentor, VLiid of the isLgeWnte Euglena, going much more minutely into 
the matter than has ever been attempted by any writer save Mast, who 
'^onfirms my results. Mast made a similar and even more precise analysis 
tor the colonial infusorian Volvox. 

In these cases it was demonstrated : (1) that the organisms react most 

* See LoEB, Concerning the TJieory of Tropisms. Journ. Exper. Zool., vol. 4, 1907. 
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delicately, in diaractcM-istic ways, to changes in the action of the envi- 
ronmental agent (light) on them; (2) that such changes in environmen- 
tal action are at work on the organism while it is becoming oriented to 
light; (3) that it reacts to these changes just as it reacts to such changes 
under other circumstances, where no orientation is produced; (4) that 
under the conditions presented by light coming from one side these 
reactions to changes inevitiibly cause the animal to become oriented and 
keep it oriented; and (5) that there is no evidence of any other method 
of action in producing the orientation. The orientation is then fully 
and satisfactorily accounted for by reactions to changes in environmental 
action (which must iniwitably jiroduce the observed effect), and there is 
no evidence that any other factor is at work. 

At the risk of being misinterpreted,! shall attempt by comparing one 
of these organisms with ourselves to make clear the way in which expe- 
rimental analysis shows the reactions to occur. As in ourselves, the |)art 
of these organisms most sensitive to light is at one side of the anterior 
end; this has been fully demonstrated '. This sensitive part may then be 
compared in position as well as in sensitiveness to our own eyes. Now, it 
is found, in Euglena, for example, that shading this sensitive « eye « 
causes the organism to react in a peculiar way; it causes a swinging of 
the body as one can swing his arm from the shoulder. It is as if shading 
the eyes caused one of us to sway about, swinging the head in a wide 
circle. Thus the body points successively in many different directions. 
This reaction is produced in the infusorian Euglena when the intensity 
of the light is decreased in any way, as by letting a shadow fall on the 
creature. 

Now these organisms as they move forward continually revolve, lik<* 
a screw boring its w^ay through the water. This motion is a part of the 
normal locomotion, and is not due to stimulation. It is as if a man wiiile 
swimming should continually revolve like a screw. Now, observe what 
must happen when the light coming from one side falls upon such a 
revolving swimmer. The sensitive « eye » is on one side of the head. As 
the head revolves, the « eye » is of course first turned toward the light, 
then away from it. That is, the « eye » is first subjected to light, then to 
shade. Now such a change, however brought about, always (as we have 
before noted) causes the organism to react in a [)eculiar way, — to wave 
about in ihe water, pointing its head first in one direction then in another. 
Evidently some of these movements tend to bring the animal in line with 

* An extensive paper on tliis nuitter Iiy Mast is about to apj^ear. 
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the light, while others do not. As long as it is not in lino with tlio light, 
th** changes from light to sliarle are \nmnd to mntiiiue, so the or^anij^m 
1*1 hound to caiitiniie waving ahout; tliis is what iiappens. Hut wIjcu some 
of tUoso waving luovements l>riii^^ tlie Imdy in line witli the light ', the 
rolling over and over doe?4 fiot cause alternations of light anrl shade, as 
will readily he seen by eoniimri^on wnth ourselves. If the son were shi- 
ning down fiireclly on the top of one's head, it would eanse no eliange 
in the illumination of the eyes, if one sliould turn uroiind to north. 
?;oiith, east or west. Si nee then there nre in tliis position no alternations 
of hght and shade, there is nothing to cause a reaetion in the infn^orian. 
and it remains « oriented y. with head towiird the light. But if in any 
way it gets out of line with the light, again the alternations of light 
and shade niust hegin, bringing tht* organism baek into line as bi^fore. 
Evory detail of its reartion is fully nreounted for in tliisway. antl no one 
li«fs ever brought forward evidence that there is any other factor invol- 
ved in the matter ^ 

In these eases then it appears to be denu:>Jistrated that tln^ oriuntiition 
in phototropism i^ due to reactions to changes in environmental actioui 
— to alternations of light and shade on the sensitive part (>f the orga- 
nism. Whether a sufficiently thorough analysis may not show the same 
eoTidition of affairs to liold for ceitain higher animals 1 will not atn^mpt 
to say. But ajisuming that in higher animals the tropism is. as eom- 
nionly held, a reaction to a * on stant agent, the point of importance here 
is that again we find in ditTerent cases the ti"0|nsm produced in ftin- 
danien tally ditferent way^. The tropism is not ahrays a reaction to a 
constant stimulus; in som<* cases thorough analysis shows it to depend 

' Tli<* detaUefl account in th** ad^iDal [jup^^r shows that this ik oK^vrtablp. S*^ 
Jex>'i>'Q8 I RratUonx to IJtjhl in Cilt&tex and I'lageiU$tej( ; Vnriwgic Institution, 
fubl Ifi, 1904. 

^ In Dr- Bounds rpf'*"nt hunk La NaiaJtanet de V InteUigntct, p. 1)^7- 191, there is 
an extftti^rdinary attempt in i'iiTfPct iny iN^'ount nf this* matter^ tntide in absohtU 
ignorance of wknt mtj (iccfjutit iS ! With my dptf*ih*«l PxjjMnmentii! nriJi lysis nohii ia 
ito iinneqnainted that he doe-if not knoir fhaf I matrifahted that ihe cause of the. 
rem'tion^ n'o-^ ttit thange in th^ envtronmtntal adionf although I ilevorrd pn^cii to 
expounding tbnt pointy m the PsspntiaJ point of my psplanation. It is needlrKs to my 
that Boh II give?* no evidence ihiU riny other fsicior is invohTd. thonjrh ht- thv^nrnf**^ 
thsil there is, 

\ regret tite necessity of poiriting out ihfit ncihii^K procedure in this mattf r is chu- 
ract'^riKtic of hw hook, flis nccoiiut of uiy work and views is thorfvufrhly in(^rrf*f"t, 
in a way thnt is most inpxplieahh\ Rt^ad<TM are therefore warned nnfain^ii forniin^ nn 
id*'R of my wtu'k or viewf* from Hohn'f* Iniok (^iee- the review in tiif^ AuKTienu Natu* 
r,i!ist, already mentiooert). 
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on reactions to changes in the action of the environment on the 
organism. 

D. — The statement is often made that the action of the external agent 
in causing the tropism is diy^ecL What does this meanV In most eases 
the statement is made without further analysis, so that its deep signifi- 
cance is left to the imagination of the reader. Thus, Bohn says « Lcs 
tropismes, si frequents chez les animaux inf^rieurs, ne sont que des re- 
ponses directes de la matiere vivante vis-a-vis des influences diverses du 
milieu exterieurw'. Is there any distinction along this line between the 
tropisms and other aspects of behavior V 

Let us try to analyse the statements that tropisms are direct reponses. 
Take for example the reaction to light. Does the statement mean that 
the light acts as a direct, mechanical agent, causing orientation by its 
pressure, for example V Such a theory was proposed by Radl (though 
even here the movement of the organism was an indirect reaction to 
this pressure). No one else, so far as I am aware, holds that view. Does 
it mean that no chemical processes intervene between the impinging of 
the light on the surface and tiie reaction of the organism? Certainly 
not! Such processes are fully admitted. Does it mean that the energy of 
the movement is all derived from the energy of the light impinging on 
the body V Certainly not: the movements are due to the release of in- 
ternal energy. Does it mean that there is no conduction involved ; that 
the light acts only on that part of the body on which it impinges? Such 
a view may have been held at one time, forming the only real basis for 
the idea that the response was direct, but the facts are now perfectly 
clear that conduction is involved, even in unicellular organisms*. Bohn 
admits, what is evidently true in higher animals, that it is quite possible 
that the nervous system and the organs of sense lend their aid in the 
tropisms '\ In fact, it is clear that what happens in tlie tro|)ism is this ; 
the energy of light falling upon the body causes chemical changes in the 
body ; the excitation thus arising is conducted to other parts of the body, 
by whatever means of conduction the organism has ; this causes the 

' La Naissance de P Intelligence, pp. 93-94. 

'^ The idea that the stimulating agent acted merely on that part of the body on 
which it impinged, causing that part alone to react, thus changing the movements, 
was once widely held. It wa« this theory tbat I attacked, under the name of the 
« local action » theory. The theory v^eema no longer to be hold, as the facts are clear 
that in most tropisms, as well as in other reactions even of the lowest organisms, the 
creature reacts as a whole. This theory gave an intelligible meaning to the statement 
that the action of the external agent wijis direct. 

•'' L. c, p. 123. 
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release of a certain amount of the internal energy of the organism, 
derived from metabolism; this energy produces movements, of a sort 
determined by the structure and « action system » of the particular 
aDinial. I judge that no upholder of the tropism theory would present 
the matter otherwise. But this is precisely what happens in any reaction 
to external stimulation ! There is no distinction between the tropism and 
other features of behavior along this line. To say that the tropism is a 
direct response is merely an obscure statement, with no meaning until 
we are informed in what particular it applies. 

In the lowest organisms, having no nervous system, the tropisms, like 
all the rest of the behavior, are carried out without the aid of the nervous 
system. In more complex organisms, the tropisms, like the rest of the 
behavior, are carried out in complex ways. There is no indication that 
the tropism is, in this respect, any simpler or more elemental than any 
other feature of behavior. 

We may sum up our discussion as to the uniformity and homogeneity 
of the tropisms as follows : The tropisms are not a homogeneous set of 
phenomena, for the following reasons: 

(1) The reaction of the organism in becoming oriented differs in 
different cases : (a) in different organisms with the same tropism ; (6) in 
the same organism with different tropisms. 

(2) The action and position of the organism after it is oriented differs 
in different cases : (a) in different organisms with the same tropism ; 
{b) in the same organism with different tropisms. 

(3) The effect of the external agent on the organism differs in diffe- 
rent cases. 

(4) The nature of the stimulation differs in different cases. 

(5) There is no indication that the stimulus acts more directly in the 
tropisms than in other reactions. In lower animals the reaction is compa- 
ratively simple; in higher ones it is admittedly complex. Thus the 
tropisms include a set of reactions showing diversities in almost every 
category where diversities are possible. 

The fact that reactions in which orientation is a prominent feature 
{iropisytis) really differ greatly among themselves has been perceived by 
most thorough students of behavior. It has given rise to many attempts 
to adopt other criteria than orientation for defining the tropism. Certain 
authors propose to exclude from the tropism concept all reactions save 
those in which the organism turns directly toward a onesided stimulus. 
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« Asymmetrical response to asymmetrical stimulation »' is made the 
criterion of the tropism. This form of response is of course seen in 
numberless other reactions which, since there is no orientation, have 
never been classified as tropisms, so that to adopt it as the distinctive 
feature of the tropism seems to result in abandoning the natural basis 
for the tropism concept. This restriction is not accepted by Bohu (since 
in his recent volume * he gives as examples of the tropism reactions in 
which this criterion is not fulfilled); so far as I can discover, it is 
likewise not accepted by Loeb. It would result in excluding from the 
tropisms most of the reactions of unicellular orgrnisms. 

Another and very special criterion is set forth by Bohn for application 
to the case of reaction to light on'y. If the organism is subjected to two 
lights and orients with reference to one alone, the case is held not to be 
one of tropis7ns. In tropism, the animal will direct itself between the two 
lights, so as to produce an equal illumination of the two sides of the 
body*'. This criterion would exclude many of the most famous cases that 
have been employed as types of the tropism, including Loeb's favorite 
example of the moth which flies toward the flame. 

Still another criterion is proposed by Bohn in his attempt to reduce 
to uniformity what is in reality a mass of heterogeneous phenomena. If we 
suppress the sensitive surface of one side of the organism (for example, 
one eye, in the case of phototropism), the animal must show a rotatory 
motion \ Application of this criterion enables the author to exclude from 
the tropisms certain reactions of crabs which otherwise might be called 
tropisms. 

The eflect of these various criteria is of course to limit greatly the 
field to which the tropism concept can be applied. Many of the phenomena 
that have played a large role as examples of the wide distribution and 
great importance of the tropisms are discovered not to be tropisms at all. 
There is not agreement among different authors as to the employment 
of these criteria. It appears evident that the only natural basis for the 
concept tropism is the fact of orientation. 

The attempts to apply these various criteria, cutting out one supposedly 
typical tropism after another, of course makes evident the fact that under 
tropisms we have grouped a heterogeneous mass of phenomena, which 

^ Walter, H. E., The Reactions of Flanarians to Lights p. 163. Joiirn. Exp. 
ZooL, vol. 6, 1907. 
« X. c. 

» Bohn, I. c, p. 123. 
•» Bohn, I. c , p. 137. 
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HKjuire ikj^Kification from other standpoints. Ab investigation prngrcHtses 
the unwieldy mass will unquestifinahlj ho lirokcn into many subdivisions. 
Kveii in thf^ most typical tropit^ms, there is rea^^on to belit^ve that we 
have by no means seized upon the really essential point io the pheno- 
menon. As this most essential point, Boltn, Loeb, and many others, set 
forth the fact that when oriented the animal takes a position such that 
it^ body is si/mmdricaUj/ placed with reference to the Hues of force, — to 
light, for example. 

But consider the followiuf^ strange facts. Many Crustacea apjiroach or 
ringed e from the light, showing typical orientation, with the usual sym- 
metrical position in the light; right and left sides equally illuminated, as 
the theory demands. But it so hapjiens that there are certain Crustacea, 
the fiddler crabs, that habitually walk sidewise. We suliject these to the 
light, and they go toward It. as do tlieir brethren. We apparently have 
a clear case of positive phototropism. But in going toward the tight they 
walk side^vise, as usuaL That is, they do not orient, taking such a position 
that the hody is symmetrically placed in the rays of light; on the con- 
trary, the body is as nnsymmetrtcally placed as possible \ 

Again, consider the plu:itotropisni of the larva of the mosquito Co/ethra^ 
as rwently descrilRHl by Harper-. This animal moves tow^ard the light hy 
a series of jerks of its body from side to side. In so doing, it sometimes 
gets into a position of orientation, the two sides being then equally illu- 
minated, as the theory of trojiism demands. But if it retained this orien- 
ted position, it would not progress toward the light. It dm}^ noi rekiin 
ihepositmn of onenfaiiotu but jerks out of it again, ~ thus making pro- 
gress tow^ard the light. It seems dear therefore that tlie retaining of the 
position of orientation is not the essential point in the reaction. 

Such cases show us the inadequacy and superficiality of our present for* 
mulations and explanations of the behavior of animals. When most ani- 
mals go toward a source of light, their usual method of locomotioti re- 
quires them to bring the body into a symmetrical position with reference 
to the rays of light. But when we find an animal whoso usual method of 
locomotion does not require the symnietJ'ical position, — then this animal 
goes peacefully toward the light wlihuid hiking fh^symmdrkatpos'U^ 

In these cases nature has performed for us an analytical experiment, 
demonstrating that when we seize upon the position of syu)metry as the 
eijsential point in these reactions, we have by no means gotten to the 



' Tliis case has rpceotly been described by HoLsiEa (Jour. Comp. Neurol, l^ Psychol. 

m voL la, 1908). 

' Journ. Comp. NeuroL and Psychol., vol 18, 1907, 
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bottom of the matter. The symmetrical position is an incident of the 
reaction, not its essence. 

It is of course easy to maintain the view that the symmetrical orienta- 
tion is the essential point in the tropism, by arbitrarily excluding all 
cases which do not agree with this. Any theory can be maintained, if we 
leave out of account the facts. 

Conclusion. 

I should be inclined therefore to sum up the matter as follows: Tropism 
is a convenient descriptive and collective term for reactions in which 
orientation is a prominent feature. Such reactions form a part (a very 
minor part, I should say) of the behavior of many organisms. The tropism 
is not a uniform phenomenon; the various reactions classified under the 
concept show diversities in practically every possible category. It is not 
clear that orientation is really the essential point in the tropism. 

T)ie place taken by the tropisms will be best seen by looking at them 
in connection with other aspects of behavior. Different organisms differ 
in their behavior and reactions just as they do in their structure. The 
condition of affairs is just what would be expected if the theory of descent 
with unlimited divergence were true. Among the varied reactions of ani- 
mals we distinguish as a matter of description certain great categories. 
There are food reactions; sexual reactions; reactions of attack and de- 
fense; reactions of locomotion, etc. Among these are reactions of orienta- 
tion, which we call tropisms. As in all the other great categories, these 
reactions are produced in different organisms in the most varied ways. 
Each organism uses in the orienting reactions, as in obtaining food, wha- 
tever means it has at command. Hence these reactions, like the food 
reactions, are simple in the simplest organisms ; complex in the highest 
organisms, and with every intermediate gradation in intermediate orga- 
nisms. These orienting reactions present no more ground for characteri- 
zation as uniform, simple, elemental, or direct, than do the reactions be- 
longing to the other descriptive categories, such as food reactions. For 
the real elements of behavior we must look in an entirely different direc- 
tion, toward such analyses of the complex activities of organisms as are 
attempted by von UexkilU and Sherrington. 
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Some Char.vcteristic Dicta. 
"We may quietly throw overboard the entire sum of our knowledge 
thus far acquired, so far as it comes from experiments on the frog's 
leg. The nerve-muscle preparation has misled us in almost every 
point" (30, p. 331). 
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"Furthermore all electro-physiological experiments on muscles 
have shown themselves to be biologically worthless, so that we may 
here pass them over in silence'' (29, p. 28). 

"The fate of biology in Europe, in spite of the efforts of excellent 
workers, seems to me to be sealed. * * * One need not be a 
prophet to predict that in a few years biology will be an American 
science" (29, preface). 

"The question of the function of the nervous system in the animal 
body has aroused a strife between two sciences that must end with 
the annihilation of one of the two combatants, — and the champions 
of both sides are determined to carry the combat to the end. * * * 
While the comparative psychologists debated concerning the amount 
of sensation, memory, rejection, that one should attribute to these 
animals, there arose in the growing science of comparative physiology 
an enemy to the death of all comparative psychology" (24, pp. 212, 
213). 

"Before objective investigation the sensations, the memory, and 
thoughts of animals disappeared like fluttering forms of vapor. 
The iron chain of objective changes, which began with the stimula- 
tion of the sense organ and finished with the movement of the muscle, 
was welded together in the middles Nowhere remained a smallest 
spot for the psyche of the aninnd. Basing itself on these incontesta- 
ble facts, comparative physifHogy pronounced the j)sychological con- 
clusions mere superstitions and denied comi)arative psychology the 
right to call itself a science" (24, p. 213). 

"We stand on the eve of a scientific bankru])tcv, whose conse- 
quences are as yet incalculable. Darwinism is to be stricken from 
the list of scientific theories" (3e3, j). 3). 

"Concerning the origin of species wci know, after fifty years of 
unparalleled effort and investigation, only the one thing, that it does 
not take ])lace as Darwin thought it did. A positive enrichment of 
our knowledge has not resulted. The whole enormous intellectual 
lalx>r was in vain" (31, p. 168). 

"When in biology one has freed himself from the idea of develo])- 
ment, — an idea which has at last been hunted to final death, — so 
that one is again in position to look upon each animal as a unity 
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closed within itself, instead of as the last ehance pro<luct of an an- 
cestral series that has been spcxnilated together, then form and color 
gain a new interest and a heightened brilliance" (30, p. 318). 

"Driesch succeeded in proving that the germ cell does not possess 
a trace of machine-like structure, but consists of throughout equiva- 
lent parts. With that fell the dogma that the organism is only a 
machine. Even if life occurs in the fully organized creature in a 
machine-like way, the organization of a structureless germ into a 
complicated structure is a power sui generis, which is found only in 
living things and stands without analogy" (33, p. 9). 

"It is not to be denied that the vitalists are the victors all along 
the line. After having put an end to Darwinism, they have seized 
upon the entire field of the production of animal form, and now 
threaten the last positions of their opponents" (33, p. 14). 

"So there persists in the outer world of objects an unresolvable con- 
tradictoriness— " (29, p. 129). 

iNTROnrCTORY ClIARACTKRIZATION. 

J. von Uexkiill, of Heidelberg, has long been one of the most 
active and original workers in the physiology of behavior; his work 
will be found of the highest interest to all seriously concerned with 
these matters. It undertakes for the lower animals much the same 
sort of analysis that Sherrington gives us for higher ones, though 
with many features that are in the highest degree original. Further, 
an examination of his work has hardly less interest as a study in 
scientific ideals and method than for the concrete results attained. 
That he has been led to radical and iconoclastic views, and that he is 
not afraid to express these views with decision and picturesqueness 
will be evident from the quotations given above. The pessimistic 
impression given by the quotations taken together will not escape 
the reader; this pessimism appears rather an unintentional result 
than as characteristic of the animated and militant spirit of our 
author. The sweeping and perhaps ill-founded character of some 
of th(^ propositions advanced should not prejudice the reader against 
the accuracy of the author's work in his own field; this would be 
a serious mistake. 
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Investigations. 

Von Uexkull Ix^gaii as a student of the nerve-muscle preparation 
of the frog (1). He quickly determined to carry the study of the 
questions involved to the lower animals ; this plan, carried out largely 
at the Naples Station, led to fundamental results. The work first 
undertaken was a study of the reflexes of the cuttle-fish (2, 3, 4, 7). 
This was followed by a study of certain sensory problems on the 
skate (9), by work on the muscle and nerve physiology of the worm 
Sipunculus (11, 25), and by an extensive series of thorough and 
fundamental papers on the nerve-muscle and sensory physiology of 
the sea urchin (10, 12, 13, 15, 16, 19, 20). Through these studies 
the author had developed the outlines of an original system of nerve- 
nmscle physiology, having at its basis the concept of tonus. This 
system he develoi)ed farther in the series of Studies on Tonus (25, 
27, 28, 30, 31), — a series dealing with various invertebrates, which 
is still in progress, and which we hope may count many numbers 
besides the five that have appeared. Arising in connection with his 
systematic series of investigations there have come from his pen 
many incidental contributions, including notes on special points in 
nerve-muscle physiology (1, 5, 6, 8, 14, 17, 32), studies of rhythm 
(23, 26), and discussions of fundamental scientific questions (18, 22, 
24, 33). In 1905 a brief textbook (29) was published, giving an 
outline of the views to which he had come, with directions for prac- 
tical work. 

Characteristic of v. TTexkiill is the intellectual working over of 
results at the time they are reached, so as to give a graphic and com- 
prehensible scheme of the way processes occur. This appears in 
the very first studies, on the cuttle-fish (2, 3, 4, 7) ; they show the 
author's characteristic abhorrence of everything vague, and particu- 
larly his objection to psychic explanations in physiology. They 
contain much important detail on the physiology of muscle and 
nerve. The paper on the skate (9) is largely a polemic against the 
use of terms implying consciousness in the nerve physiology of lower 
animals, directed mainly against W. Nagel. The account of the 
skate is intended to illustrate the purely objective treatment of the 
facts, and is perhai)s not in itself a strong example of the value of 
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the method. In this polemic, as in later work, is seen the positive, 
definite character of the author's thought, with no appreciation for 
shadings, transitions or compromises; sharpness of concept and of 
distinctions, black or white, is demanded everywhere. 

The Wokk on the Sea Uechin. 

It is in the series of papers on the sea urchin (10, 12, 13, IG, 19, 
20) that the author "strikes his pace" and brings out clearly the 
important phenomena which form the basis for his jieculiar system 
of concepts. The plan of investigation is to work out the structure of 
Ihe muscular, nervous and skeletal systems and the way they act 
together to produce the characteristic behavior of the animal ; to work 
out "the biological plan" of the sea urchin. The paper on Reflexes 
in the Sea Urchin (12) gives a general sketch of this biological plan 
and the main reflexes which make up the behavior; the structure of 
the simple nervous system, the reflexes of the pedicell arise, the spines, 
the tube-feet, the teeth, are briefly described. Then followed in 
1899 a thorough detailed paper on the physiology of the pedicellariai 
(16), a paper which must form the point of departure for all further 
work on these organs. The history of our knowledge of the pedi- 
cellarise, their structure, the different sort^, their uses and particu- 
larly the laws of their movements, are developed in great detail. 
In 1900 came a similarly thorough, and perhaps still more impor- 
tant, study of the movements of the spines (19). Special studies 
were made of the reactions of the spines to light and shadow (13, 
20) ; for the purpose of obtaining species favorable for this work 
the author made a trip to the east coast of Africa ; the outfit for this 
trip is described in a separate paper (21). 

In general, v. Uexkiill found that the various organs of the sea 
urchin, — each spine, each pcdicellaria, — can perform a number of 
different acts or reflexes, and that these reflexes occur to a large 
degree independently of each other, so that they may occur when the 
organ in question is isolated on a small piece of the shell. Thus each 
organ is a "reflex person." Yet all the differing reflexes of these 
various "persons" are of such a character that they work together 
in a syst(M!iatic way to i)erform the necessary functions of the animal. 
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They carry it about, toward food and away from danger, keep the 
sea urchin clean, capture prey, combat against enemies, and all 
together do the work of life in a competent way. This is brought 
about without any regulation by a "higher center," merely through 
the essentially indejxindent activities of the various parts. Therefore 
the sea urchin is characterized as a "republic of reflexes." The 
apparent unity of action is due merely to the way the different 
actions of the diflFerent parts fit into one another, by a sort of preestab- 
lished harmony. "It is not that the action is unified, but that the 
movements are ordered ; that is, the setting off of the different reflexes 
is not the result of a common central impulse, but the separate reflex 
ares are so constructed and so fitted together that the synchronous 
but independent setting off of the reflexes, as a result of an external 
stimulus, produces a definite general action of the animal, just as 
happens in animals in which a common center produces the actions" 
(16, p. 390). "When a dog runJ, the animal moves its feet. When 
the sea urchin runs, the feet move the animal" (19, p. 73). 

But the author finds that the separate reflex-persons are not abso- 
lutely independent; impulses may pass from one to the other, in 
such a way as to produce a unified action of all. But this is due 
merely to a set of nerve nets having a special arrangement; it is 
a matter of interconnections, not of regulation from a "higher 
center." The question may be raised whether this distinction does 
not depend on an undefined and mystical use of the term higher 
center. If the higher center, in accordance with the illuminating 
ideas of Loeb, is after all essentially a place for complex inter- 
coimections, then the difference Ix^tween the sea urchin and higher 
animals is only one of degree. 

Von Uexkiill finds that the separate reflexes of the various organs 
are not absolutely stereotyped, but the action of each part is 
changed at times in certain ways, often depending on the action of 
neighboring parts. We have then in the sea urchin an opportunity 
of studying ccKJrdination in its most elementary condition, and thus 
perhaps of determining the fundamental nature of the phenomena 
involved. This animal is a sort of model, which can be taken to 
pieces Avithout serious alteration of the action of the parts; yet in 
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the animal as a whole the parts do influence one another. The 
author therefore took in hand a thorough study of the changes in 
the reflexes and the way they influence each other, undertaking to 
formulate and define precisely the underlying j^henomena. It is 
here that we find the origin of the most important concepts in von 
Uexkiill's highly original formulation of behavior. It will be worth 
while therefore to examine carefully a sample of the author's method 
of analysis; for this purj)ose we select certain features in the 
physiology of the spines. 

Typical Examplk of Method of Analysis. 
It will be recalled that the rounded shell of the sea urchin is 
covered with long spines. Each spine is a tapering calcareous rod, 
with a concavity at its base, by which it articulates with a hemi- 
spherical elevation of the shell. The spine is held in position by 
two circles of muscles radiating from the circumference of its base 
to the shell. These muscles, and particularly the inner circle, are 
steadily pulling upon the spine, thus holding it stifily in position. 
This pulling takes place without external stimulus; it is due to a 
certain amount of tension which forms the normal condition of the 
muscles and continues without any such repeated contractions or trem- 
ors as are called tetanus. That is, the muscles have a certain normal 
tonus. This tonus becomes the central concept in v. UexkUH's 
formulation of the physiology of movement. The inner layer of 
muscles is devoted chiefly to maintaining by its constant tension a 
certain position of the sj)ine ; it is an example of one of the two great 
types of muscular action, — the "Sperrung" or tension, as dis- 
tinguished from actual contraction, involving shortening. The outer 
circle of muscles is more active in its changes ; they shorten quickly 
and readily, thus moving the sjnne in various ways. They exemplify 
the other great tyi)e of muscular action, — '*Vcrl-urzun(jJ' — shorten- 
ing or contraction. Tension and contraction v. IVxkiill shows occur 
quite independently of each other, and this independence, with all its 
theoretical and practical consequences, comes to play a very great 
part in the later development of v. l^exkiill's views; he finds it 
throughout animals (see 32). The neglect of the fact that we have 
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here two entirely different functions has, the author believes, led 
all ner\'e-muscle physiology into false paths. 

The first reflex shown by the spines is as follows: When a cer- 
tain spot on the body is moderately stimulated, the surrounding 
spines bend toward it. The muscles of the side of the spine next 
the point stimulated contract; that is, their tonus is increased. 
Thus the points of the spines are directed, for example, toward an 
approaching enemy. 

But if the stimulus is very intense, the reaction just described is 
reversed ; the spines Ixuid away from the point stimulated. This 
result is produced by a decrease in the tonus of the muscles on the 
side of the spine facing the point stimulated. Thus from the same 
spot on the body opposite effects may be produced, depending ou the 
strength of the stimulus. This phenomenon is called by v. Uexkiill 
reversal of the reflex ('*Reflexumkehr") ; it is observed in other or- 
gans of the sea urchin and other animals, under various conditions. 
The author holds it to l)e due to some sort of apparatus in the ganglion 
cells; an apparatus that he calls the "tonus switch" ("Tonusschal- 
ter"). This reversal is well seen in the spines when a strong chemical 
stimulus affects the l)ody. Xow, a further consequence of such a 
powerful stimulus is seen. After such a stimulus, even a weak 
stimulus, which formerly caused the spines to bend toward the sj)ot 
stimulated, now causes them to bend away. So the same stimulus 
on the same spot may cause two different reactions, dei)ending on 
what stimulus has preceded it. This phenomenon, very common in 
animals, v. Uexkiill calls the "switching" of the tonus ("Schaltung") ; 
he holds it due to the same apparatus as the reversal of the reflex. 

The two reactions of the spines serve, under natural conditions, 
certain functions. The bending toward a stimulated jwint serves for 
defense; the bending away under a strong stimulus, ])articularly a 
chemical one, preserves the spines from injury, while giving oj)})or- 
tunity for the action of certain large })ois<)nous ])edicellariie, which 
now l)end their envenomed jaws t4)war<l the n^gion attackwl and seize 
whatever is there ])r(»sent. 

Certain other facts in the physiology of the spines are of extreme 
importance. A steady tension, not violent, exercised on the muscles 
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of the spines causes them to lose their tonus; they become limp. 
This effect of tension on tonus is common among animals. If then 
a spine is pressed steadily to one side by the fingers, or by the weight 
of the animal's body, the muscles on the side pressed lose their 
tonus. The spine, therefore, becomes loosely movable in certain 
directions, but not in others. On the other hand, a sudden violent 
increase of tension, or a mechanical jar, increases the tonus, so that 
the spines stand out firmly. 

Now, the loss of tonus, caused in the way just described, is con- 
ducted, doubtless by the nervous network, to the neighboring spines. 
This conduction occurs in such a way that it is the muscles of corre- 
sponding sides of the neighboring spines that lose their tonus. (This 
involves complicated conditions in the nervous net; v. Uexkiill holds 
that it shows the existence of many independent nets. ) Hence when 
a spine is pressed toward one side, the neighboring spines likewise 
bend in the same direction. This v. Uexkiill calls the chaining of the 
reflexes ("Reflexverkettimg"). It shows itself (an important fact) 
most readily when the spine is bent toward the mouth; the other 
spines also bend toward the mouth. 

These facts have the following result. When a spot on the body 
is strongly stimulated, so that the spines bend away from it, the 
disturbance is not limited to those in the immediate neighborhood. 
The spines in bending away press -upon the surrounding spines, 
tending to bend them down. They are more easily bent toward 
the mouth than elsewhere, so a new set of spines bend over in that 
direction. They again ])ress on the next spines, bending them in 
turn toward the mouth. Thus a sort of wave passes toward the 
mouth from the point stimulated, the spines bending in turn far over 
toward the mouth, then back again. The entire })henomenon v. 
Uexkiill calls the wandering of the center of excitation (^'Wanderung 
des Erregungsmittelpunkts" ) . 

Another most important fact shows itself. Muscles that are not 
in tonus are much more easily stimulated to contraction than those 
which are in tonus. When the muscles have their usual strong 
tonus, it requires a powerful stimulus to cause them to contract 
further. But muscles which have lost their tonus as a result of 
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steady tension (as described above), contract readily in response 
to even a weak stimulus, tending thus to bend the spine toward that 
side on which there has been tension. 

From this a number of peculiar facts result. As we have seen, 
a moderate stimulus at a certain point tends to cause the spines to 
bend toward that point. If, as a result of pressure, the muscles that 
face the point stimulated have lost their tonus, they respond readily ; 
the spine at once bends toward the side stimulated. But if the 
spines have been pressed over in the opposite direction, so that their 
muscles facing the point of stimulation are in strong tonus, no 
effect is produced; the spines retain their position. Hence, when 
a spot on the tody is stimulated, certain spines will respond while 
others will not, depending on the previous tonus of their muscles. 
This phenomenon v. Uexkiill calls "Klinkung"; those spines which 
are in such a condition or position that they can respond to the 
stimulus are said to be "eingeklinkt" ; those which are not are "aus- 
geklinkt." These expressions may perhaps be translated by "in 
circuit" and "out of circuit," — comparing the spines with instru 
raents in an electric circuit. This condition of affairs has great 
importance for the functioning of the spines in locomotion and else- 
where, and parallel conditions are found in other organisms. 

A similar analysis is given by the author for the pedicellariai, 
tube-feet, teeth, etc. 

Thus by a close and thorough study v. Uexkiill has been able to 
analyze and formulate a number of what have been called vaguely 
the varying "physiological states" of organs or organisms; such 
analysis is needed for all cases. By making use of the concepts of 
Reflexumkehr, Reflexverkettung, Wanderung des Erregungsmittel- 
punkts, Schaltung, Klinkung, and by observing the changes in tonus 
and the rules for its increase and decrease, one can explain some of 
the most important features in the behavior of the sea urchin under 
natural conditions; locomotion, negative reactions to various stimuli, 
defence from enemies, capture of food, etc. It is, of course, no 
disparagement of the value of this analysis that it does not exhaust 
the matter for the sea urchin. Thus, when the animal is turned 
on its back, its spines move in ways that would not be expected 
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from the physiological analysis based on their other movements (19, 
p. 105) ; if they did the sea urchin would not regain its normal 
position. In the starfish the method of pction may be changed by 
the formation of habits, and this is doubtless true also for the sea 
urchin. Thus any formulation that is complete must provide also 
for the laws of change of behavior; for its regulatory features. 
Possibly no complete formulation can ever be reached, but the most 
direct way to approach it is by such analysis as v. Uexkiill gives. 

Later Investigations. 
We have given this account of the spines as a type of v. Uexkiill's 
methods of analysis; by following carefully such a concrete case 
the reader will get a better idea of the nature and justification of 
his work than by any systematic survey of the concepts to which 
he finally comes. Let us now follow further the development of 
these concepts. As we have seen, the central concept is that of tonus, 
and the laws of the changes of tonus are the chief object of research. 
To research on this matter, to studying the properties of tonus in 
various organisms, and to devising schemata which shall help us 
to understand how it acts, and hence how behavior takes place, have 
been devoted the later researches of v. Uexkiill. He has thus far 
analyzed from this point of view, Ix^sides the sea urchin, the worm 
Sipunculus (25), the brittle-star (27), the leech (28), the heart- 
shaped sea urchin (30), and the dragon fly (31). In the latest 
contribution, on the dragon fly, v. Uexkiill attempts to make provi- 
sion for a modification of the machinery of behavior through the 
experiences of the organisms. It would manifestly l)e impossible to 
resume here these researches, filled as they are with minute and 
technical detail. 

V. 'Uexkui.t/s System of Concepts. 
A view of V. Uexkiill's system of concepts can be gotten most 
directly from his "Guide to Experimental Biology" (29). But 
here one does not see the development of the ideas ; the actual grounds 
that have given origin one after another to the peculiar concepts, so 
that they are likely to seem on first introduction bizarre and artificial, 
having little similarity to anything dealt with in orthodox physiology. 



Jennings, Uexkull on Physiology of Behavior, 325 

The fundamental concept is tonus. Just what are we to under- 
stand by this? V. Uexkiill at first defines it merely as the sum of 
those manifestations of the life of the cell that produce effects on 
external things (as distinguished from the internal energy used in 
metabolism, etc.) (19, p. 78). As his work develops, he finds need 
for a more precise idea of tonus. It is defined as a "form of 
energy" which has the property of flowing in certain ways (20, p. 
474). The concept of tonus gradually becomes more and more 
definite. For purposes of handling and imaging it with ease, it 
becomes convenient to think of tonus as a fluid, which flows through 
a set of tubes (the nerves). This fluid becomes at last identified 
with Bethe's ^'Fibrillensaure," — an actual chemical, visible under the 
microscope (27, p. 31). But this identification is not held to uni- 
formly. 

This fluid tonus is contained in a system of tubes, the nerves. 
"The structure of the nervous system may then be conceived as an 
aggregate of peculiar vessels united one with another, which inter- 
change and equalize each other's contents with relation both to 
pressure and quantity" (25, p. 305). From the nerves the tonus 
either passes into the muscles, or causes in them the production 
of a fluid with similar properties, giving rise to either tension 
("Sperrung") or contraction ("Verkiirzung"). In dealing with 
tonus, either in the nerves or the muscles, we must distinguish its 
quaniity from its prrssyre; these may vary independently, so that 
any given quantity may have high or low pressure. On the quan- 
tity of tonus depends the contraction of muscles; on the pressure, 
the tension of muscles. 

There are certain general laws for the movements of tonus. In 
simple nerve nets it always flows into muscles that are extended 
(causing them to contract again). This is attributed to a change 
in the capacity of the muscles; extended muscles have greater capac- 
ity than contracted ones, so in extending they suck, as it were, the 
tonus out of the nerves. This property gives a remarkable degree 
of self-regulation to the action of the nerves and muscles. 

In most animals, further, the tonus shows a marked tendency to 
flow toward a certain part of the body, — usually the anterior end, — 
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so that this part responds when any part of the body is stimulated. 
This part to which tonus flows as water flows into a valley is 
denominated, with i^oetic feeling, the vale of tonus ("Tonustal," 25, 
p. .310; 29, p. 50). After the tonus has flowed into certain muscles, 
it is possible (in some cases at least) to capture and hold it there, 
by cutting the nerves leading to the muscles ("Tonusfang," 25, p. 
302) ; the muscles then remain contracted. 

During rest the fluid tonus is gradually used up and disappears ; 
at stimulation it is newly manufactured. There exist, however, 
reservoirs of tonus in the nervous system, so that the lost tonus 
of the muscles can be replaced without new manufacture. 

The nervous system then contains, besides a system of communi- 
cating tubes, reservoirs of tonus; at the same time it is an elaborate 
apparatus for controlling the distribution of tonus. Each muscle 
has somewhere in the nervous system an organ which is its "repre- 
sentative" (25, p. 303; 29, p. 44). The office of this representative 
is to see that the tonus pressure in the muscle remains sufiicient to 
cause the tension of the muscle to correspond to the weight which it 
has to bear. When the pressure in the muscle is insufficient, this 
acts on the representative (through the nerve) causing it to increase 
the pressure, until this raises the tension so as to support the weight. 
The increased pressure is produced by the fact that the representative 
uses up a ccYtain, quantity of tonus to increase the pressure of what 
is left. 

The author's further development of this system consists in work- 
ing out in detail the structure and action of this system of tubes, 
reservoirs and other machinery, by which the distribution of tonus 
is controlled. Main tubes, feeders, reservoirs, valves, etc., are de- 
vised and represented by diagrams, till we finally get figures which 
resemble the plan for a dye-works or a flour mill (see for example 
the schema for Sipunculus, 25, Tafel 6). 

The method of presentation is in general the ideal construction 
of an apparatus which could produce the results shown by the 
organisms. In this construction no attempt is made to represent 
apparatus that actually exists in the organism ; it is merely a figure or 
illustration ; "a mere schema in accordance with which one can group 



Jennings, Uexkull on Physiology of Behavior. 327 

the experimentally found facts in a convenient way" (25, p. 287). 
"The schema of indirect investigation is not a theory at all, but 
merely a sign language by means of which it is possible to at once 
express new results in a graphic (*anschaulich') way" (27, p. 31). 
All emphasis is laid on making the illustration thus ^'anschaulich"; 
that is, of such a character that one can "see through it" ; see how 
it would work as a machine works. The author makes extensive 
use of this "fictitious schema" (25, p. 291), basing long discussions 
for the greater part of entire papers on its proj>erties. Perhaps 
nowhere else in biology has a figure of speech, as it were, been 
worked out in such tremendous detail, through a long scries of 
j)apers. 

Regarded thus as a figure or illustration, the author appears very 
successful in constructing apparatus that would pnxluce results simi- 
lar in their complication and regulatory character to the processes 
observed in organisms. This has necessarily been done, of course, by 
attributing new characteristics to the various components wlien 
required. The tonus is sometimes given the characters of a definite 
material fluid, and much pains is taken to account for the entire 
quantity ; again, it may be produced or disappear as required ; some- 
times it is considered a form of enei'g^' ; at times it shows the prop- 
erties of electricity in producing effects by induction (31, p. 195) ; 
at times we are informed that the figure of a fluid quite fails (25, p. 
213). When the author attempts to show how his complicated 
machinery may l)ecome modified in a way corresponding to the pro- 
duction of what are called psychologically memory images (31), 
clearness has to be given up, and the entire figure becomes uncon- 
vincing. 

As to the value of this figurative and artificial method of pre- 
senting the results of work, opinions will, of course, differ. The 
point can be best discussed in connection with a review of the guiding 
principles and scientific ideals in the author's work; to this we 
now turn. It is peculiarly true in the work of v. Uexkiill that the 
author's concrete results cannot be understood without an appreci:i- 
tion of the principles that have guided him. This will lead us to a 
consideration of his general and theoretical papers. 



328 journal of Comparative Neurology and Psychology, 

Theoretical Views and Guiding Principles. 

Perhaps the main characteristic shown throughout v. Uexkiiirs 
work is the abhorrence of anything vague, ill-defined or mystical. 
In his early papers he sets forth clearly the ideal of scientific work as 
the discovery and presentation of what is verifiable or demonstrabh*. 
"We have to do only with processes that can be objectively demon- 
strated, and to write the history of these processes in an animal 
from the moment of stimulation to the resulting reaction" (9, p. 
559). This led him at once into a polemic against authors that used 
psychic explanations in work on animal behavior (see 7, p. 608; 9, 
etc.). The circle was soon widened, and in 1-902 v. Uexkiill declares 
that a war of extermination has arisen between comparative physiol- 
ogy' and comparative psychology, a war that spells annihilation for 
one of the combatants and "both are determined to carry the fight 
to the end" (24). His fundamental point is, of course, the fact 
that there is no way of observing or verifying the existence of 
psychic phenomena in animals, so that they cannot form a part of 
a strictly verifiable science; and a further postulate is that all ob- 
jective processes can and should be fully presented and accounted 
for without bringing in anything from outside. To substitute psy- 
chological interpretations for certain steps of objective experimental 
analysis is vicious and destructive of consistent science. V. 
Uexkull's polemic papers take extreme positions and are written with 
much picturesqueness of statement; they are of great value for 
rousing to a realization of the difficulties those who need such a 
spur. Apparently, however, all the valuable results that would 
be reached by utterly destroying the unhappy comparative psy- 
chologists would be equally well attained by keeping carefully sepa- 
rate the two fields of work. If the experimenter never substitutes a 
psychological explanation for a physiological one, he may also be 
interested, as a separate problem, in the development of mind, with- 
out injury to his objective scientific work. 

This same demand for objective verifiable results, without admix- 
ture of anything else, has led v. Uexkiill to take a part, with Beer, 
Bethe, and others, in trying to establish a purely objective nomen- 
clature for the processes occurring in the movements of animals (18 ; 
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see also 20). This nomenclature has philosophical value and has 
been used by a few authors, though its employment is by no means 
common. There is difficulty, as with all ideal system of nomen- 
clature, devised before investigation is comi)lete, in the fact that its 
use often implies a precise knowledge of the nature of the phenomena, 
when such knowledge does not exist. To give precisely the correct 
name to a process implies that we know fully the nature of the 
process. 

The author's abhorrence of the vague lat(T becomes still more 
accentuated in the demand (which we have noticed above in our ac- 
count of his investigations) that work shall be presented always in a 
way that is "ansehaulich" ; that is, in such a way that one can sec 
just how the processes would occur, as <me sees how a machine works 
from knowing its structure. It is extraordinary to what an extent 
the author makes the attainment of this "Anschaulichkeit" the chief 
object of biological science; he declares it plumply to be the "most 
essential character of all" ("die allerwesentlichste") for the science 
of biology (31, p. 184). "Biology is in its essence ^Anschauung' " 
(33, p. 10).^ "Only the anschauUch structural diagram, not prov- 
ing, but showing the unified working together of different factors, is 
adequate to the requirement of bringing the life proc*esses together 
into an intelligible unity without omitting life itself" (31, p. 185). 
It is only by grasping fully the fact that "Anschaulichkeit" is the 
author's ideal, that one can understand many of the pecidiarities of 
his work. 

The first far-reaching consequence of this ideal arises from the 
fact that that which is "anschauHch" is not always that which is 
verifiable. The author is therefore sometimes compelled to a choice 
between the two, and in his later papers he at such times deliberately 
chooses the "Anschaulichkeit" in preference to verifiableness. He 
thus falls into contradiction with his own earlier requirement that we 
shall deal only with what is objectively demonstrable ("objectiv 
nachweisbar," 9, p. 559), as well as with the procedure of other in- 

'The word intuition, by which ''Anschauung'' Is commonly translated, cer- 
tainly fails to carry to most minds the same graphic idea as the German word, 
so that I do not employ it. 
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vcstigators to whom it is more important that scientific pro])ositions 
shall be verifiable than that they shall be anschanlich. Let us here 
look in a general way at the contrast between the results reached by 
making "Anschaulichkeit" the ideal, and those which flow from 
making verifiableness the ideal. 

For many investigators the object of science is to prepare a system 
of verifiable propositions, in order that we may know what to depend 
on in our conduct; **to know what is true in order to do what is 
right," as Huxley put it. VerifialJe propositions are propositions 
that say "Under such and such conditions you will find such and 
such things to occur or exist.''' Now, if one supplies the conditions 
set forth, and does not find the predicted things to occur or exist, the 
j)roj)osition is not verifiable, and many would therefore hold that it 
should be stricken from science. A large i)roportion of the propo- 
sitions concerning machine-like structures in organisms, given by v. 
Uexkiill, do not even ])rofess to be verifiable. One of the main 
objects of investigation is to find out what particular kinds of 
machines are ])resent in animals, and how these actually present 
machines have arisen and how they are changing. This object is 
incomi)atible with the mere assumption of fictitious machines, for 
the first result of investigation with this object in view is to cancel 
these fictitious machines. This would indeed leave our science for 
a time less sharjdy formulated, but "at a certain stage in the develojv 
ment of a science a degree of vagueness is what best consists with 
fertility,"^ for reference of the phenomena to complete fictitious 
machines tends to cut off search for the real ones. When we have 
found out what really occurs in organisms and what machines 
actually exist there, then our knowledge will be as "anschaulich" 
as the facts warrant, no more, no less. 

To the present reviewer it seems that, even for })ractical purposes, 
the author has overestimated the value of a rather gross "Anschau- 
lichkeit." The bringing in of machine-like structures, — tubes, 
valves, etc., — that confessedly do not exist, seems rather to confuse 

=Or, put 111 a form which holds whatever one's theories, "when you have 
such and such experiences, you wiU have such and such other experiences." 
'V.'iu. James, Psyvholoyy, I*reface. 



Jennings, Uexkull on Physiology of Behavior, 331 

than to aid the mind. It is not possible to conclude directly from 
the properties of the assumed machines as to what physiological 
properties one will find, for the parallelism is far from complete, 
so one must try to keep the system of machinery separate from the 
system of physiological facts ; there are two systems to grasp in place 
of one. The reader finds it difficult if not impossible to disentangle 
statements which the author wishes to present as verifiable facts, 
from statements which are a mere necessity for carrying out the 
figurative schema. V. Uexkiill shows all through his work an 
astounding facility in concluding as to the structures that must be 
present, from the functions which he sees performed. The reader 
wonders whether these structures are held to actually exist, or whether 
they are part of the fictitious schema. The reviewer finds that for 
his own use it IxK'omes necessary in reading v. I'exkiiirs work to 
ask ^*Xow, what did the author h(»re actually observe and demon- 
strate'^" It then becomes necesj^ary to transform or almost re-write 
a paper before the verifiable results can be disentangled from the 
figurative presentation. I Ixdieve that this condition of affairs has 
prevented the work of v. Uexkiill from exercising the great influence 
that it des(Tves from its imi)ortance. Xothing would be more help- 
ful to most readers than for the author, after putting his results 
together in the figurative language of his })eculiar system as he has 
done in his Guide (2^1) ), to give us a new compendium of his experi- 
ments and results, making the test of admission that which is veri- 
fiable, or at least that which the author believes will be found veri- 
fiable. This would not involve, of course, the omission of his im- 
portant concepts of **Schaltung," **Klinkung" and the like, for these 
are names for experimentally verifiable processes and conditions ; nor 
would it involve the omission of general laws, as verifiable statements 
that apply to whole class(*s of objects; nor would it exclude hyix>tli- 
fses, presented as such, for these are propositions which the author 
believes will be found verifiable on further investigation. It would 
involve simply the omission of what the author himself recognizes as 
fictitious. I believe it would be found that nothing of value had been 
lost ; that the author's iui])ortant work would stand out with a clear- 
ness not before attained. Further, in the technical accounts of his 
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investigations, it would be extremely helpful if the author would at 
least segregate carefully his verifiable, experimental, results from 
his fictitious schema, if he finds that he cannot bring himself to 
totally abandon the latter. 

This demand for "Anschaulichkeit" rather than verifiableness in 
a scientific account is what has led to an apparent opposition between 
v. UexkiilPs work and that of some others. Such is the case, I 
judge, with the differences between his work and my own. He pre- 
sents his work in an ^^anschaidich" form that is confessedly not 
verifiable, while I have tried to present strictly what is verifiable, 
whether immediately "anschaulich" or not. The results are bound 
to be different in the two cases. If m'y work should be presented 
by the aid of "anschaulich" fictions, or if v. Uexklill should present 
his own results without these fictions, the two accounts would show 
a most gratifying agreement; this is especially true now that v. 
Uexkiill has included, in his last Study (31) attempts to show how 
his machines could be modified by the influences which act on the 
organism. I have never argued against the existence of machine- 
like arrangements in organisms. My point was merely that those 
machines are not fixed and final, but that they are continually 
changed by the environment and by the action of the organism itself.* 
Personally I believe that even these changes occur in an essentially 
machine-like way. 

The demand for "Anschaulichkeit" at all costs is apparently what 
has l(id the author to certain extreme views ; to his sei)arating and con- 
trasting biology and physiology; and to his tendency to fall into vital- 

*Iii his recent imper on ^cw Questions in Experimental Biology (33) v. 
VexkUll, In presenting a gruplilc picture of my exposition if carried to a 
logical extreme, has attributed to uje extreme views which I have never held. 
He saj's that I "denied the existence of the reflex; denied the existence of 
any fttructure in the central nervous system." This statement I am 
sure is given as part of an "anschaulich" fictitious schema, not as a state- 
ment of verifiable fact; I have made no such denial. Again he quotes me 
as saying that "the organism is only something happening," when what I 
said is that "The organism is something happening." The difference is like 
the difference between black and white. I was trying to insist upon certain 
facts that had been commonly left out of account, — not trying to substitute 
these facts for everything else known. 
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ism at certain junctures. Having abandoned (in favor of the con- 
struction of fictitious machines) the requirement of finding out what 
are the real forces at work in organisms, of finding out what machines 
actually do exist (as determined by the test of verification), the 
author finds himself in opposition to physiology, which searches pre- 
cisely for the real (verifiable) forces, materials and machines of 
organisms. To escape this opposition, v. Uexkiill renounces physiol- 
ogy and all its works ; renounces finding out the causes of things, and 
calls himself a biologist only; biology he maintains has an entirely 
different purpose from ])hysiology. ^'We distinguish two sciences of 
animate nature ; Physiology, which arranges her materials according 
to causality ; Kiology, which arranges her materials according to pur- 
iwsiveness (Zweckmassigkeit)" (2i), Vorwort). The purpose of biol- 
ogy is to work out the plan according to which the body is made up 
and acts (33, pp. 10, 11, etc.). The materials — the actual chemical 
and physical substances, proi)erties and forces — used in realizing the 
plan, do not concern biologj^, but form the field of physiology (28, 
p. 376). ITencc the biologist may content himself with schemata 
which reproduce what the organism does, even though the organisn'i 
and the schema are operated by different forces acting on different 
materials in different arrangements. Thus "When I for example lay 
out the plan of structure of a worm, and in so doing use any con- 
venient physical schema, it doesn't occur to me at all to touch upon 
a physical problem. One may always think of any other force 
as at work in the same object. I am not concerned with that. I 
seek only for a fitting expression in order to make the plan of tlui 
animal anschaulich" (28, p. 377). The biologist need not concern 
himself with causal questions ; with physiology. "It is therefore not 
to be complained of if we biologists, who are asking about the func- 
tions of animals, look with much coolness at the end problems of 
physiology" (28, p. 377). 

Renouncing then a causal study for biology, and holding that 
"Anschaulichkeit" or the demonstration of the production of proc- 
esses in a machine-like way is the '"most essential of all" things in 
biological explanations, v. Uexkiill naturally gets into serious diffi- 
culties when he confronts processes which he is unable to present as 
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"anschaulich" by "searching about for a satisfactory mechanical 
scheme of structure" (31, p. 188). Such he feels that he finds in 
all developmental processes, both in development from the egg, and 
in the development of new features in movement and the organs of 
movement. "It is greatly to be regretted that we must give up the 
hope of finding an anschaulich structural schema for animal develop- 
ment. But there is no structure that could explain (veranschau- 
lichen) its own production" (31, p. 185). Since, then, it is impos- 
sible to bring development under the only point of view which seems 
to V. Uexkiill to give a satisfactory explanation, he finds it necessary 
to take refuge in vitalism, lie is, however, under no illusions as 
to vitalism's being an explanation; it is a mere renunciation; "when 
we therefore give over the production of form to vitalism, this giv- 
ing over involves a renunciation of all real understanding in this 
science" (31, p. 187). In his latest paper v. Uexkiill counts himself, 
if I understand him correctly, as a vitalist so far as developmental 
procesvses go, but as a "machinalist" so far as the functioning of 
developed organs is concerned (33, p. 14). 

If in place of making "Anschaulichkeit" the end to be reached, 
one takes verifiableness as his aim, a very different set of views 
will be reached in biology. There are many fields of exact science 
in which snch "Anschaulichkeit" as v. Uexkiill demands is not re- 
quired. To understand how water is produced from oxygen and 
hydrogen, most chemists do not construct a fictitious machine on the 
plan of a flour mill or a dynamo. They merely accei)t the fact as a 
datum, in connection with other similar facts. V. Uexkiill himself 
mentions a number of fields of science which are not "anschaulich" 
in character (33, p. 16), so that it seems extraordinary to found 
vitalism on the basis that biology is similar to other sciences in this 
respect ! The only condition that science requires in order that 
accepted principles of explanation shall aj)ply is this; that differ- 
ences in resulting conditions shall always be found to be pre- 
ceded by differences in foregoing conditions, so that nothing shall 
happen undetermined. But why oxygen and hydrogen in the pro- 
portion of one to two should give the i)roperties of water rather 
than those of alcohol we do not know any more than we know why 
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in biology one combination produces a sea urchin, another a star- 
fish. Throughout both chemistry and biology we find unpredictable 
results produced by new combinations. The repeated changes shown 
by the development of an organism seem, as to intelligibility, quite 
on a par with a series of transformations due tt) recombinations of 
chemicals. If in either field the same combination under the same 
conditions should sometimes produce one result, sometimes another, 
then indeed science would be in distress, and if biology were the 
field in which this occurred, then the biologist might perhaps grasp 
at vitalism as a drowning man grasps at a straw. Our quotation 
from V. Uexkiill (given above, p. 316), in which he holds that 
Driesch has shown that the germ cell "docs not possess a trace of 
machine-like structure, but consists of throughout equivalent parts" 
and that it is "structureless," perhaps implies that he conceives 
this distressing condition to have lx;en reached. But those who have 
spent years in working with the astoundingly complex machine- 
like structures and processes in the chromatin of the germ cell, and 
have considered the demonstrative evidence brought forward by 
Boveri, Wilson, Herbst and many others as to the distinctive func- 
tions of these various parts in development, will find the statement 
that the germ cell is structureless and comj)oseil of throughout equiva- 
lent parts so absolutely schematic and fictitious as to omit all the 
truth ! 

Taking verifiableness as our aim will likewise leave biology and 
j)hysiology resting peacefully in union. We shall be interested in 
the plan of the organism so far as it is verifiable; and to work out 
the verifiable plan we shall be forced to consider the actual forces, 
materials and arrangements, not fictitious ones. Doubtless physiol- 
ogy has in practice become narrowed ; the remedy lies in broadening 
it till it includes everything verifiable in the study of the processes 
of organisms. 

Criticism of theoretical points is not a proi)er close for a con- 
sideration of work of such solid value as that of v. Uexkiill. Though 
we may difl^er from him in theoretical ideal and in method of pres- 
entation, we must recognize the fundamental soundness of his 
methods of actual work. Never was a truer principle set forth for 



336 'Journal of Comparative Neurology and Psychology, 

successful biological investigation than that the first requirement 
is "The continued and accurate observation of the living animal in 
its environment" (29, p. 75). And v. Uexkiill has done more 
toward an analysis of the internal processes in the behavior of lower 
animals than perhaps anyone else. 
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